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Abstract: Severe polytraumatic injury initiates a robust immune response. Broad immune dysfunction in patients with such injuries has been well-documented; however, early biomarkers of
immune dysfunction post-injury, which are critical for comprehensive intervention and can predict
the clinical course of patients, have not been reported. Current circulating markers such as IL-6
and IL-10 are broad, non-specific, and lag behind the clinical course of patients. General blockade
of the inflammatory response is detrimental to patients, as a certain degree of regulated inflammation is critical and necessary following trauma. Exosomes, small membrane-bound extracellular
vesicles, found in a variety of biofluids, carry within them a complex functional cargo, comprised
of coding and non-coding RNAs, proteins, and metabolites. Composition of circulating exosomal
cargo is modulated by changes in the intra- and extracellular microenvironment, thereby serving
as a homeostasis sensor. With its extensively documented involvement in immune regulation in
multiple pathologies, study of exosomal cargo in polytrauma patients can provide critical insights
on trauma-specific, temporal immune dysregulation, with tremendous potential to serve as unique
biomarkers and therapeutic targets for timely and precise intervention.
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Trauma is a leading cause of morbidity and mortality worldwide [1–5]. Polytrauma
occurs daily in the civilian population as a result of motor vehicle collisions, falls from
height, firearm discharges, mass transit collisions and derailments, industrial workplace
injuries, terrorist attacks, and natural disasters [6–13]. Polytraumatic injuries are complex
and involve a combination of concomitant insults to multiple body regions and organs
including thermal injuries, large open wounds and major tissue loss, traumatic amputation
and eye and nervous system injuries, often resulting in hemorrhage, shock, prolonged
systemic inflammation, major organ dysfunction/failure, psychiatric issues, and death.
Blast-related polytraumatic injuries caused by explosive munitions are responsible
for 72% of North Atlantic Treaty Organization (NATO) coalition combat casualties in the
Global War on Terror [14]. Often during their hospital course, these patients develop severe
life-threatening inflammation-mediated complications, to include systemic inflammatory
response syndrome (SIRS), compensatory anti-inflammatory response syndrome (CARS),
acute respiratory distress syndrome (ARDS), pneumonia, sepsis, multi-organ dysfunction
syndrome (MODS), and/or multiple organ failure (MOF). These complications are associated with prolonged stays in the intensive care unit (ICU), increased in-hospital mortality,
and long-term physical, cognitive, and psychosocial comorbidities [5,15–26].
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The body’s innate immune response after trauma is triggered by the detection of
damage-associated molecular patterns (DAMPs) released by cell stress, injured and/or
dying cells or through detection of pathogen-associated molecular patterns (PAMPs) in
the event of injury-associated infection [27–31]. Activation of endothelium results from
both mechanical stress and the detection of DAMPs and PAMPs, leading to platelet activation and leaky barriers allowing for leukocyte extravasation [32]. DAMPs, PAMPs and
inflammatory cytokines activate neutrophils and macrophages which play a central role
in pathogen immune surveillance, tissue inflammation, clearance of debris and necrotic
tissue, and in the regulation of successive homeostatic processes involved in tissue repair,
healing, and tissue regeneration [26]. Under normal conditions, the immune response
is predictable and transient, and well-regulated by a controlled balance of pro- and antiinflammatory mediators. Trauma-induced inflammation can be a double-edged sword.
A “cytokine storm” resulting from the exaggerated production and dysregulation of proinflammatory cytokines can result in deleterious systemic inflammation causing further
tissue damage, end organ injury, and increased mortality [4,5,24,33]. Therefore, identification of reliable biomarkers of aberrant inflammation early post-injury to predict clinical
outcomes and guide treatment is critical. This requires a thorough understanding of the
complex local and systemic communication network between cells, molecular mediators,
various signal pathways, and feedback loops that initiate and regulate the trauma-induced
inflammatory response.
Exosomes are small extracellular vesicles (EVs) released by cells that play key roles in
facilitating intercellular communication, both locally and systemically, under both homeostatic physiological and pathophysiological conditions [34–43]. These small (30–200 nm
diameter) endosome-derived membrane vesicles are found in a variety of biofluids, and
contain critical cellular messengers (e.g., cytokines, growth factors, RNA, transcription factors, adhesion molecules) [34,44–48]. Exosomes can affect target cells either by stimulating
them directly via surface expressed ligands, or by transferring biologically active molecules
between cells [34]. The cell types, insult and severity of injury, and cellular microenvironment influence the complex payload-content (cargo) of exosomes shed [34,45,49–53].
Both localized and distant exosomal-mediated delivery systems have been shown to be
critical drivers in the initiation, progression, and resolution of inflammation [37,45,54–57].
Importantly, the cargo of circulating exosomes is now considered to contain important
early molecular signatures and surrogate diagnostic markers of inflammation and disease
states in multiple pathologies, especially cancer [35–37,54,58–66].
Here, we provide a brief overview of exosomes and the inflammatory response to
trauma to establish a foundational base in order to identify research gaps and opportunities
to bridge the two fields. Specifically, we highlight the role of exosomes in the response to
severe trauma and discuss the possibility of bioactive molecules contained within exosomes
to serve as biomarkers in the diagnosis and prognosis of trauma-associated inflammation
and complications.
2. Biological Characteristics of Exosomes
2.1. Biogenesis and Intercellular Communication
Extracellular vesicles are small, non-replicative membrane-bound structures released
from cells, which serve as carriers of biomolecular materials between cells, both locally and
systemically. These vesicles can be isolated from a variety of biofluids, including blood,
urine, saliva, breast milk, amniotic fluid, ascites, cerebrospinal fluid, bile, and semen [34].
There are several types of small circulating vesicles, including exosomes, microvesicles
(also termed ectosomes), and apoptotic bodies. Aside from their function in biological
processes, the major difference between these EV subpopulations is their intracellular
origin. Exosomes are derived from endosomes, whereas microvesicles are formed by the
budding of the plasma membrane, and apoptotic bodies are vesicles released into extracellular space via plasma membrane blebbing during the disassembly of dying cells [67–69].
The EV subtypes also vary in size, with overlapping diameter ranges, spanning from 30 to
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200 nm for exosomes, 100 to 1000 nm for microvesicles, and 50 to 5000 nm for apoptotic
bodies [44–46,70]. Microvesicles and exosomes function similarly in the transport of cargo
biomolecules, and can be released under similar conditions, whereas apoptotic bodies
are only released from dying cells [34]. Both microvesicles and exosomes are released
constitutively and in response to cell stress, cellular activation, senescence, and pathological conditions; therefore size, origin of vesicle release, and composition are important in
discriminating between these EVs [34,71–73].
Exosomes are generated from intraluminal vesicles (ILVs) within late endosomes,
which are also known as multivesicular bodies (MVBs) (Figure 1). In brief, ILVs form
via invagination of the endosome during a process known as microautophagy, therefore
containing cell-specific cargo of proteins, lipids, and nucleic acids. A lipid bilayer, similar to
a cell’s plasma membrane, makes up the outer membrane of exosomes [44]. The formation
of ILVs and packaging of their contents can be Endosomal Sorting Complex Required for
Transport (ESCRT)-dependent or ESCRT-independent [74,75]. MVBs are either trafficked to
lysosomes for fusion and ILV content degradation, or to the plasma membrane, where ILVs
are released as exosomes into the extracellular space via exocytosis upon fusion with the
plasma membrane [71,76]. While several molecules have been identified in the trafficking
of MVBs to the plasma membrane for exosome release, including the ESCRT proteins, the
exact mechanism of this process is still unknown [74,77]. Proteins and genetic material from
the cell of origin are delivered via exosomal binding to the plasma membrane of target cells,
or by cellular phagocytosis of exosomes by target cells [34,37]. Uptake of exosomes by target
cells is mediated by the interaction between exosomal ligands and receptors of recipient
cells wherein they play a pivotal role in local and distant intercellular communications in
modulating and coordinating the cellular functional activities of adjacent target cells, as
well as those in distant tissues and organs [78]. The lipid bilayer of exosomes makes them
unique cellular communication vehicles. Exosomes are stable in circulation and are able to
shield their cargo from the microenvironment, leading to stability of the bioactive material
within, and increased efficiency of delivery to effector target cell [64,79–82].
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myristoylation, glycosylation, and oxidation [44]. Tetraspanins have emerged as a unique
protein identifier of exosomes in enrichment and isolation processes. Further, tetraspanins
may have roles in exosome biogenesis, packaging of cargo, binding and uptake by target
cells, and exosomal antigen-presenting functions in the immune response [86]. CD63,
considered a specific marker for exosomes, indicates endosomal origin and is involved in
the formation of ILVs [86]. CD63 is found in late endosomes and contains an internalization
motif that promotes rapid endocytosis. CD81 and CD9 are structurally similar surface
membrane proteins with broad distribution on diverse cell types where they play a critical
role in cell–cell fusion, especially in macrophages [87]. EVs containing both CD63 and
CD81 tetraspanin proteins are phenotypically classified as exosomes. The identification of
exosomal tetraspanins can vary based on the parent cell, and various combinations of the
markers CD9, CD63, and CD81 indicate successful exosomal isolation in the laboratory [86].
Two main structural forms of RNA are found in exosomes: coding RNAs like messenger RNA (mRNA), and non-coding RNAs, which include both micro-RNA (miRNA)
and long non-coding RNA (lncRNA). The mRNA found in exosomes is functional, and
able to be translated to proteins when exosomes are taken up by target cells [85]. However, size analysis of these mRNAs shows they are between the length of miRNAs and
full-length mRNAs, suggesting that exosomes carry primarily truncated, but functional,
post-transcriptional mRNAs [88]. miRNAs are short (20–25 nucleotides) non-coding RNAs
that participate in post-transcriptional modifications, specifically with the end result of
silencing target mRNAs. This is accomplished either by complementary binding with target
mRNAs causing decreased expression of proteins, or by partial binding resulting in mRNA
degradation. Thus, the effects of changes in miRNA expression can be observed both in
terms of target mRNA levels or in target protein output [89]. The cleavage of pre-miRNAs
by the Dicer endonuclease also produces antisense miR* passenger strands, which are
less stable than their mature miRNA counter-parts, but may be biologically active [90].
These antisense miRNAs can also be found in exosomes [91,92]. miRNAs are differentially expressed across cell and tissue types, and their loading into exosomes is reflective
of cellular activation, making them a valuable target for monitoring of disease [93–96].
lncRNAs include a diverse and dynamic population of non-coding RNAs longer than 200
nucleotides and can be a source of miRNA biogenesis [97,98]. Similar to miRNAs, lncRNAs
modulate protein expression via post-transcriptional mRNA modifications, but are also
able to interfere with mRNA transcription, and modulate expression of other noncoding
RNAs [99,100]. Given the diversity of exosomal content, the isolation of exosomes and
analysis of their cargo may provide critical insights to the development and progression of
various disease states.
3. Inflammation and the Role of Exosomal Cargo
3.1. Inflammatory Response to Severe Trauma
The body’s response to severe traumatic injury can be characterized by three acute
phases: survival, hyperinflammation, and repair (Figure 2). Death after traumatic injury is
classically described in accordance with a trimodal mortality model, wherein death occurs
immediately (< 1 h), early (< 24 h), and late (> 24 h) following injury [101]. Patients who
sustain insurmountable injuries to major organ systems, including catastrophic hemorrhage
from great vessel disruption or severe intra-cranial injuries, will typically die during the
survival phase in the immediate to early stages of care [102,103]. Patients that initially survive often face severe hypercoagulable, hyperinflammatory, and infectious complications,
principally during the inflammatory phase of the acute response. Patients who sustain
polytraumatic injuries have a greater risk of developing these critical acute complications,
as they experience a more prolonged and robust inflammatory response than patients sustaining a singular injury. As a result of a prolonged and heightened inflammation phase, the
repair phase is ultimately delayed, as it cannot be initiated until the successful resolution
of hyperinflammation. Over-activation of the immune system also interferes with other
components of the response to severe trauma, including hemostasis and anti-microbial de-
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velopment of a measurable systemic response. Additionally, the use of exosome-associated
biomarkers found in circulation may serve as an early stage, non-invasive “liquid biopsy”
companion to facilitate real-time diagnosis and monitor clinical progression, recovery,
pathological complications, and therapeutic responses.
The innate immune system is activated within minutes after acute injury [5,26].
Following trauma, there is an uncontrolled local and systemic release of endogenous
mediators into the circulation as a result of tissue damage and cellular necrosis associated
with hemorrhage, ischemia-reperfusion injury (IRI), musculoskeletal injuries, burns, surgical procedures, subsequent secondary tissue injuries, and other insults [30,52,116–119].
These tissue-derived DAMPs include high-mobility group box 1 (HMGB1), the S100 proteins, HSPs, and mitochondrial DAMPs (mtDAMPs) [28,29,120,121]. In severe trauma,
HMGB1, a DNA binding protein and key amplifier of inflammation, is actively secreted by
immune inflammatory cells and passively released by injured and necrotic into the extracellular microenvironment to modulate the activation, metabolic activity and migration of
immunocompetent cells and other cells at the site of injury [110,122–124].The S100 proteins
participate in calcium homeostasis intracellularly and are passively released in the case
of cell necrosis, but also play a role in cytokine release and influencing cell migration in
inflammation [120,125]. While HSPs normally provide functions as chaperone proteins,
they are also stress responsive proteins upregulated in traumatized tissues [126]. Similar
to the other DAMPs, mtDAMPs are released by cells in response to damage, particularly
mechanical and oxidative trauma. mtDAMPs participate in the trauma-induced immune
response, and their activity has also been linked to specific injury patterns, including fracture [121,127,128]. Invading pathogens contain biochemical signatures known as PAMPs,
with the most recognized being endotoxin, also known as bacterial lipopolysaccharide
(LPS), found on Gram negative bacteria. The innate immune system senses the diverse
biochemical signatures of DAMPs and PAMPs via pattern recognition receptors (PRRs),
including extracellular Toll-like receptors (TLRs), cytosolic nucleotide oligomerization domain (NOD)-like receptors (NLRs), and the receptor for advanced glycation end products
(RAGE), allowing these danger signals to contribute to inflammation by activating and
recruiting immune cells.
Detection of DAMPs and PAMPs propagates a cascade of early innate intracellular
signaling, leading to the activation of key transcription factors, such as nuclear factor
kappa beta (NF-κB), that regulate diverse cellular responses and the transcription of proinflammatory mediators to include cytokines, chemokines, interferons, and anti-microbial
peptides [28,29,121,129]. Endothelial activation, and local inflammatory mediators like
histamine, kinins, and arachidonic acid cause leaky barriers and edema, allowing extravasation of neutrophils, monocytes, and macrophages into the tissue [4,32]. Monocytes are
recruited from the circulation or the splenic reservoir to the site of inflammation where they
infiltrate the tissue and undergo marked phenotypic and functional differentiation into
macrophages or dendritic cells (DCs) to join and/or replace tissue-resident macrophages,
all of which have been shown to play distinct roles in resolving inflammatory responses
and promoting tissue repair-regeneration. [130–133]. Macrophage polarization is a key part
of this process, explained by the M1/M2 paradigm. The M1 phenotype is pro-inflammatory,
while the M2 phenotype is pro-reparative and healing [130,134]. Classically activated M1
macrophages activated by DAMPs or in response to pathogens release a milieu of early
pro-inflammatory mediators (interleukin 1 beta (IL-1β), IL-6, IL-8, IL-12, tumor necrosis factor alpha (TNF-α), macrophage inflammatory protein 2 alpha (MIP-2α/ CXCL2),
interferon gamma-induced protein 10 (IP-10/CXCL10), regulated on activation, normal
T-cell expressed and secreted (RANTES/CCL5), reactive oxygen species (ROS), and reactive nitrogen species (RNS)). At the site of inflammation, these mediators propagate the
pro-inflammatory cascade by activating endothelial cells and inducing the recruitment of
other immune cells into the inflamed tissue by activating more macrophages and inducing
sustained inflammatory responses [28].
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The binding of DAMPs to PRRs on innate immune cells triggers both intense proinflammatory, and concomitant anti-inflammatory responses. The initial anti-inflammatory
response plays a critical role in balancing the hyperactive inflammatory state in the setting
of excessive injury to the host following severe trauma [135]. However, both uncontrolled
pro- and anti-inflammatory responses may lead to pathological consequences. While excessive inflammation promotes the development and propagation of secondary tissue injuries
beyond the initial site of injury/damage, the anti-inflammatory response can often lead to
host defense impairment and sepsis, frequently leading to severe complications, MODS,
and death. DAMPs and PAMPs bind similar cellular receptors, and post-traumatic cellular
stimulation with DAMPs can lead to receptor tolerance upon pathogen exposure, such that
cells fail to mount an appropriate response when binding to pathogen-triggered PAMPs,
leading to infection [136]. This impaired infection response is compounded in a state of
systemic inflammation by reduced human leukocyte antigen-DR expression (HLA-DR) on
peripheral blood mononuclear cells, which may pre-dispose patients to sepsis [103].
Regulation of innate immune cell mediated pro-inflammatory response at sites of
tissue injury/damage is orchestrated through the early release of the pro-inflammatory
cytokines IL-1β, IL-6, and TNF-α (Figure 3). The development and severity of an inflammatory response can be monitored by tracking systemic levels of IL-1β, IL-6, IL-8, TNF-α,
and MIP-1α. High serum levels of these mediators is indicative of the body being in a
hyper-inflammatory state [5,114]. This array of soluble mediators directly evokes further
immune cell activation in different cell types through the stimulated synthesis and release
of a plethora of cytokines, chemokines, and other pro-inflammatory mediators used to communicate with other cells that initiate and constrain inflammatory response to pathogens
and injury. These highly regulated, sequentially, and temporally orchestrated pleiotropic
proteins initiate a cascade of signaling events that regulate host defenses against pathogens,
leukocyte chemotaxis and migration, vascular endothelial permeability (vascular leak),
production of acute phase proteins, and tissue damage repair. TNF-α is one of the first
cytokines released following injury, peaking 1–2 h after injury, with a short serum half-life
of about 20 min [4,115]. TNF-α contributes to endothelial activation and vascular leak while
also stimulating natural killer (NK) cells, monocytes, and macrophages. IL-1β induces the
production of cytokines (IL-6 and TNF-α), and chemokines (monocyte chemoattractant
protein 1 (MCP-1)/CCL2 and MIP-1α/CCL3) from immune cells, and the production of
acute phase proteins including C-reactive protein (CRP) from the liver [4,137]. IL-1β has
a longer half-life at 90 min, but this is still a small window in the setting of acute trauma
care, making fluctuations of the cytokine itself more difficult to monitor, and pointing
towards downstream effectors as signs of activity [4,138]. IL-1β is critical for the acute
development of inflammation, and inability to produce IL-1β results in an impaired systemic inflammatory response to stimuli, likely due to the resulting failed induction of
IL-6 [139]. Without IL-6, the immune system is unable to mount a normal inflammatory
response [139]. Both TNF-α and IL-1β promote the production of IL-6 by macrophages.
IL-6 activates NK cells, inhibits apoptosis of neutrophils, and mediates the release of acute
phase proteins from hepatocytes [4,140]. The interlinked pathways and redundancy of proinflammatory activation between TNF-α, IL-1β, and IL-6 allows for general monitoring of
inflammation using any one of the cytokines as a reference, instead of each separately [141].
Prolonged and elevated increases in circulating levels of IL-6 post-injury correlates with a
high Injury Severity Score (ISS), and is a reliable predictor of MODS, MOF, and mortality in
polytrauma patients [111,115]. Levels of IL-6 can peak as early as four hours post-injury in
major trauma, and can estimate trauma severity up to six hours post-injury [113]. However,
the predictive value of IL-6 for major secondary complications like ARDS and MODS, and
mortality peaks around 72 h [114]. The half-life of IL-6 is longer than TNF-α and IL-1β,
around 15 h, making it easier to monitor in serum or plasma using commercially available
immunoassay detection platforms [142]. This makes IL-6 a more reliable indicator of the
progress of inflammation and immune response, because while TNF-α can induce SIRS
on its own and IL-6 cannot, the early window of release and short half-life make TNF-α
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Severe trauma not only induces pro-inflammatory reactions, but also anti-inflammatory
reactions to reverse this process via CARS. Once the inflammatory response is established,
control is critical. The inability of IL-4, IL-10, and other anti-inflammatory cytokines like
tumor growth factor beta (TGF-β) to deactivate the inflammatory cascade results in a
transition to a persistent inflammatory state. IL-10 is a cytokine that signals for attenuation
of the immune response [5,114]. This is a rapid response, with IL-10 being released within
60 min of trauma [115]. In SIRS, high levels of IL-10 are indicative of the body attempting
and failing to control an inflammatory response [5]. The interplay of IL-6 and IL-10 is an indicator of patient prognosis. In the final peak of the trimodal polytrauma mortality model,
patients with a low ratio of IL-6 to IL-10 24 to 72 h after injury have a higher incidence of
ARDS, MODS, and death (Figure 2) [114]. TGF-β works to dampen the immune response
by inhibiting pro-inflammatory cytokine production and suppressing macrophages, DCs,
and NK cells, in addition to its effects on the adaptive immune response [145].
The innate immune system, while providing the robust inflammatory response to
trauma, is not the only responder. While the innate immune response provides a rapid and
non-specific response, adaptive immunity is delayed, specific, cell-mediated, and humoral.
Similar to the response of the innate immune system, the adaptive immune response can
be a double-edged sword—necessary to clear dead, necrotic tissue and pathogens, but with
the potential to become dysregulated and potentiate systemic inflammation and further
tissue damage. While SIRS is primarily mediated via the innate immune response, CARS
is mediated by the adaptive immune response [146]. Briefly, the adaptive immune system
begins to respond days following initial insult, as opposed to the minutes it takes to activate
the innate immune response, with DCs acting as a conduit between the two systems to
control T-cell responses, specifically that of CD4+ T cells in inflammation. DCs are antigen
presenting cells that act as sentinels, sensing the presence of microbes and tissue damage.
Outside of sentinel functions, DCs can be matured by activated NK cells. Together, these cell
types engage in immunoregulatory crosstalk via cytokines and cell-to-cell contact [147,148].
Once activated, DCs induce naïve CD4+ T cell activation and proliferation, including
differentiation into T helper (Th) subsets Th1, Th2, and Th17, as well as T regulatory
(Treg) phenotypes. The inflammatory Th1 cells produce interferon gamma (IFN-γ), which
results in classical activation of M1 macrophages and the production of TNF-α, while antiinflammatory Th2 cells produce IL-4, IL-5, and IL-13 causing alternative M2 macrophage
activation [134,149]. Th17 production of IL-17 aids in neutrophil recruitment, a key aspect of
the response to infection [150]. While infection stimulates Th1 and Th17 responses, trauma
is known to suppress CD4+ T cell responses [151]. Studies have reported both the elevation
of levels of Th2 associated cytokines leading to decreased survival in trauma patients
with sepsis and decreases in both Th1 and Th2 responses following trauma, pointing
to the importance of Th1 and Th2 balance in effective injury response [135]. Tregs are
responsible for restraining the activity of the Th subtypes mediated primarily via IL-10 and
TGF-β [152]. Injury-induced activation of Tregs appears to be responsible for controlling
the CD4+ T cell response in trauma, with Treg depleted mice showing appropriate Th1
inflammatory response following injury [153]. The presence of high levels of IL-10 in SIRS
is linked to CARS, with IL-10 being a powerful immunosuppressive cytokine produced
by multiple adaptive immune cells, including DCs, Th2, and Treg cells [146,152,154,155].
This is consistent with CARS being associated with increased Th2 and Treg activity [151].
Appropriate engagement of the adaptive immune system is necessary for a balanced
immune response, but escalation to CARS, like SIRS, can be detrimental.
3.2. Role of Exosomes in Regulating Inflammation
Damage associated molecular patterns contained within exosomes have been shown
to activate the innate immune system, and therefore have the potential to contribute to
the development of SIRS following traumatic injury [51,156]. While not yet identified
specifically in exosomes isolated from patients during the early phase after severe trauma,
many DAMPs are locally and systemically detectable following several different injury pat-
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terns, including fracture, hemorrhage, burn, and IRI [30,52,116–119]. Circulating DAMPs
of interest in the study of trauma and inflammatory disease that have been identified
in exosomes are HMGB1, the S100 proteins, HSPs, and mtDAMPs [51,85,120,157–163].
Physiologic stressors can modulate the location of HSPs in relation to exosomes, with acute
stress increasing Hsp72 expression on plasma exosomes, and decreasing intra-vesicular
miRNAs miR-142 and miR-203 [51,164].
Macrophages release exosomes that activate, and induce pro-inflammatory responses in
naïve immune cells, including differentiation of mononuclear cells into active macrophages releasing pro-inflammatory cytokines [54,165]. M1 macrophage-derived exosomes containing
miR-155 are able to regulate macrophage polarization, decreasing the anti-inflammatory M2
phenotype [166]. Through TLRs, DAMPs, PAMPs, and other inflammatory signaling increases
miR-155 expression in macrophages [166–168]. Upregulation of miR-155 increases inflammatory
cytokines including IL-6, IL-1β, TNF-α, and IL-8, and decreases anti-inflammatory cytokines,
namely IL-10, and TGF-β [166,167]. Exosomes also carry inflammasome proteins, which are
necessary to generate the biologically active form of IL-1β, a key cytokine in immune system
activation responsible for fever and leukocyte recruitment [49,169,170]. Exosomes derived
from NK cells contain cytotoxic proteins and are able to mediate cytotoxic functions similar
to their donor NK cells [171]. Once the inflammatory response is established, exosomes can
propagate inflammation and impair healing, as well as inducing production of inflammatory
cytokines and chemokines [172,173]. Macrophages co-cultured with mesenchymal stromal
cell (MSC)-derived exosomes exhibit higher rates of oxygen consumption, and translocation
of NF-κB, a key component of cellular regulation of inflammatory factor transcription [174].
Differentially expressed proteins in exosomes under inflammatory conditions are linked to other
components of the physiologic response to trauma including the complement and coagulation
cascades, such as complement C3, complement C4b, fibrinogen gamma chain, fibrinogen beta
chain, and plasminogen activator inhibitor 1 [54,175].
Exosomes post-injury contain important regulatory cytokines, growth factors, repair
mediators and functional RNAs, such as mRNA and miRNA, that play important roles
in inflammation and coordinating wound repair-healing [176]. A deficiency in exosome
secretion results in a persistent inflammatory phenotype and inappropriate response to
inflammatory stimuli [55]. TGFβ-1 is an important activator of MSCs, which play a key role
in the healing and repair process. Exosome associated TGFβ-1 exerts a more potent effect on
MSC migration and phenotype than the freely circulating cytokine [177]. miR-146 is an antiinflammatory mediator and associated with the NF-κB signaling pathway [168,178–180].
IL-1β stimulates production of miR-146, and its packing into exosomes. Exosomal miR-146
has been reported to enhance M2 polarization of macrophages [181]. Within the miR-146
family, miR-146a targets TNF receptor associated factor (TRAF) 6, IL receptor associated
kinase (IRAK) 1, and IRAK2, resulting in negative regulation of IL-8 and CCL5 [182].
miR-146a has both pro- and anti-inflammatory effects, whereas miR-146b is only antiinflammatory [183]. Myeloid-derived suppressor cell (MDSC)-derived exosomes, and
miR-126 from endothelial-derived exosomes also promote M2 polarization [163,184]. Given
the role of miRNAs in modifying cytokine expression, changes in miRNA expression and
transport mediated by exosomes in response to acute trauma could provide insights into
subtle changes in the innate response that may potentially lead to systemically devastating
inflammatory cascades, prior to clinical detection of IL-6. The ability to load miRNAs into
exosomes makes them a unique delivery vehicle, especially in the context of combating an
inflammatory condition like sepsis with an anti-inflammatory miRNA like miR-146 [185].
Research regarding the mechanistic role of exosomal lncRNAs in the innate immune
inflammatory response to injury and infection is limited, as many studies have focused on
the utility of exosomal lncRNAs as disease biomarkers [66]. Many immunomodulatory
lncRNAs have been identified in exosomes derived from cancer cells, evidenced by their
frequent tumor-associated naming conventions, but must be interpreted in the context
of the unique tumor microenvironment [186–188]. In a murine model of acute lung injury, the reduction of the lncRNA termed colorectal liver metastasis-associated transcript
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3 (CLMAT3) found in monocyte-derived exosomes was reported to upregulate NF-κB
activation, resulting in increased IL-1β, IL-6, and TNF-α production that contributed to
pathogenesis [189]. In a controlled cortical impact traumatic brain injury model, Patel
et al. demonstrated the immunomodulatory impact of therapeutic exosomal delivery
of lncRNAs. Infusion of human adipose-derived stem cells (hASC)-derived exosomes
containing the lncRNA termed metastasis-associated lung adenocarcinoma transcript 1
(MALAT1) modulated both coding and non-coding inflammatory RNAs, reduced neural
lesion volume, and attenuated behavioral and motor symptoms, indicating importance
of future studies for development of lncRNA exosome-based diagnostic and therapeutic
tools [100].
Exosomes also play a role in the response of the adaptive immune system. DC-derived
exosomes exchange major histocompatibility complex molecules between DCs and activate naïve CD4+ T-cells [190,191]. DC-derived exosomes also participate in the transfer
of miR-155 and 146a, key immunomodulatory miRNAs [185]. Bystander DCs undergo
maturation when bound by DC-derived exosomes presenting TLR-ligands, amplifying
the pro-inflammatory response through increased Th1 polarization [148]. T cell receptor
triggering increases the number of exosomes released from CD4+ T cells [192]. Exosomal Hsp70 from DCs is able to modulate T cell differentiation [193]. “Lethal” exosomes
containing membrane-Fas Ligand released from T lymphocytes are able to trigger Fasdependent apoptosis, a key mechanism of immune homeostasis in controlling over-active
or auto-reactive T cells [194].
The cargo contained in exosomes has important functions in controlling immune
cell function acting across all aspects of the inflammatory response. The extracellular
communication system has been investigated more in depth in cancer and the tumor environment but is critical across a multitude of pathologies. Identifying and understanding
these roles will not only aid in the comprehensive understanding of how the body reacts
to trauma, but also may serve as early indicators for immune dysregulation leading to
delayed complications following traumatic injury.
4. Exosomes and Their Cargo in Trauma-Associated Complications
The delayed effects of trauma manifest days to weeks post-injury. These issues can
be compounded by interventions such as aggressive fluid resuscitation and surgery that
further stress the body and contribute to inflammation. Identifying early signs of immune
dysfunction following acute injury is critical for intervention and prevention of clinical
sequelae. While the clinical symptoms can develop rapidly, activation of the innate immune
system and the inflammatory response can potentially be identified on a biomolecular
level preceding the development of a systemic response. Multifactorial, yet poorly defined,
cellular, genomic, and proteomic inflammatory immune responses in patients with severe
trauma, severe burns, or bacterial infection are well-documented [19,195,196]. These characterizations have increased understanding of the physiologic response to trauma; however,
further investigation is necessary for how these changes correlate with injury, and the
timeline of response to injury. Current characterizations have been performed on samples taken several hours to days after injury, demonstrating the prolonged inflammatory
impact, but not capturing the inciting biomolecular signaling. The ability of exosomal
cargo such as miRNAs to modify expression of proteins in target cells and manipulate
cytokine production make them valuable potential targets for early identification of inflammatory complications. In this section, we examine the consequences of trauma-associated
inflammatory complications and the exosomal cargo identified in the setting of their development, including IRI, ARDS, and sepsis, as well as highlighting the potential for future
investigation into MODS and MOF (Table 1).
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Table 1. Summary table of bioactive cargo of exosomes in trauma-associated inflammatory complications. This table specifically highlights micro-RNA (miRNA), messenger RNA (mRNA),
and proteins found in exosomes associated with ischemic reperfusion injury (IRI), acute respiratory distress syndrome (ARDS), and sepsis.
Trauma Associated Condition

Bioactive Material

miRNA

mRNA
IRI

Exosomal Cargo

Literature

miR-23a

Crouser et al., 2021 [197]

miR-24

Minghua et al., 2018 [198]

miR-1, miR-133a, miR-24, miR-210, miR-133b

Emanueli et al., 2016 [199]

miR-16-5p, miR-24-3p, miR-200c-3p, miR-9a-5p,
miR-141-3p, miR-200a-3p, miR-429

Sonoda et al., 2019 [200]

miR-1, miR-208, miR-499, miR-133

Chen et al., 2019 [201]

Upregulated: Vsig1, Top1, Ccbp2, 0610010K06Rik,
Krit1, D230019N24Rik, Amy2a1, Lba1, Zfp385c,
2700057C20Rik, Ptar1,
Smad3, 2810002D19Rik, Phf6, Hsd17b11,
6720457D02Rik, Yipf7, Mep1a, Sox15,
4930473M17Rik

Eldh et al., 2010 [202]

Downregulated: Ctnna1, Pigq, Cct2, Rfc4, Gnas,
Ttc3, Laptm5, Gabarapl1, Ipo4, Dnpep, Lmna, Ssr3,
Qars, Gsn, Arap3,
Med22, Csnk1d, Coro7, Lasp1, Ric8

Protein

C3 propeptide, PK-120 precursor, alpha amylase
one precursor, beta-enolase isoform 1,
adenylosuccinate synthetase isozyme 1

Yang et al., 2015 [203]

Hsp70

Zheng et al., 2018 [193]

Upregulated: miR-146a, miR-27a, miR-126, miR-155
miRNA

miR-155
ARDS

lncRNA

Wu et al., 2019 [204]

Downregulated: miR-223, miR-181b

Upregulated: AOC4P, BCAR4

Jiang et al., 2019 [57]
Chen et al., 2020 [189]

Downregulated: CLMAT3, MIAT
Protein

caspase 12, caspase 9, RIP3, microtubule associated
proteins 1A/1B light chain B3

Kim et al., 2019 [205]

caspase 3

Moon et al., 2015 [206]
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Table 1. Cont.
Trauma Associated Condition

Bioactive Material

miRNA
Sepsis

Exosomal Cargo

Literature

miR-155, miR-146a

Alexander et al., 2015 [185]

miR-27a

Hashemian et al., 2020 [207]

miR-19a, miR-21a, miR-22, miR-27a, miR-103-2,
miR-107, miR-126a, miR-146b, miR-182, miR-200b,
miR-203, miR-762

Appiah et al., 2020 [208]

miR-16, miR-17, miR-20a, miR-20b, miR-26a,
miR-26b

Wu et al., 2013 [209]

Upregulated: let-7b-5p, let-7c-5p, miR-122-5p,
miR-1227-3p, miR-125b-5p, miR-1260a, miR-1262,
miR-1267, miR-1290,
miR-1298-5p, miR-1300, miR-140-3p, miR-16-5p,
miR-1825, miR-192-5p, miR-193a-5p, miR-194-5p,
miR-195-5p, miR-19a-3p,
miR-25-3p, miR-30a-5p, miR-320a, miR-320b,
miR-363-3p, miR-486-5p, miR-518d-3p,
miR-519b-3p, miR-520d-3p,
miR-532-3p, miR-548a-3p miR-548c-3p, miR-597-5p,
miR-618, miR-625-3p, miR-636, miR-645, miR-720,
miR-758-3p,
miR-770-5p, miR-885-5p, miR-886-5p, miR-92a-3p,
miR-99b-3p

Real et al., 2018 [210]

Downregulated: miR-127-3p, miR-146a-5p,
miR-151a-3p, miR-186-5p, miR-18a-5p, miR-199a-3p,
miR-221-3p, miR-26a-5p,
miR-28-5p, miR-301a-3p, miR-328, miR-331-3p,
miR-335-5p, miR-339-3p, miR-340-5p, miR-340-3p,
miR-590-3p, miR-628-5p, miR-744-5p

lncRNA
Protein

miR-16, miR-17, miR-20a, miR-20b, miR-26a,
miR-26b

Wu et al., 2013 [209]

miR-27b, miR-125b, miR-21-5p, miR-30a-5p,
miR-100-5p, miR-122-5p, miR-193a-5p

Reithmair et al., 2017 [211]

Hotairm1

Alkhateeb et al., 2020 [212]

NADPH, NO synthase

Gambim et al., 2007 [213]

IL-1β, IL-2, IL-6, TNF-α, IL-4, IL-10, CCL2, CCL3

Gao et al., 2019 [214]
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4.1. Resuscitation and Ischemia-Reperfusion Injury
Polytrauma frequently involves major vessel disruption and hemorrhage, which can
rapidly develop into hemorrhagic/hypovolemic shock. Volume loss and shock-induced
vasoconstriction leads to insufficient oxygen delivery to cells throughout the body and
ischemic tissue injury. This ischemic environment is locally worsened in distal extremities when prolonged tourniquet use is necessary to prevent exsanguination [119,215].
Fluid resuscitation, whether by blood or other substitutes, is necessary to improve oxygen delivery [216]. However, while this fluid resuscitation can improve initial survival,
it was noted in the Vietnam War that overly aggressive fluid resuscitation resulted in
increased deaths due to ARDS as a late complication [217]. Early endothelial damage from
reperfusion results in leaky barriers and increased leukocyte extravasation [216].
Ischemia-reperfusion injury is a unique injury pattern characterized by a period of
hypoxia, followed by sudden hyperoxia, gradually returning to the normoxic state. Tissue damage is induced by cellular ATP depletion and an intense pro-inflammatory process.
The latter is initiated by the ischemic period (hypoxia), but occurs mainly during the
reperfusion phase, and is characterized by a large neutrophil recruitment (innate immune
response). NF-κB is a redox sensitive translational factor, which upregulates TNF-α production, initiating the pro-inflammatory cytokine cascade, including production of IL-1, IL-6,
and IL-8 [218]. This inflammatory response is an appropriate reaction to ischemia-induced
cellular necrosis. Upon reperfusion however, neutrophils (innate immune response) and
CD4+ T cells (adaptive immune response) are recruited to the site of injury, amplifying the
inflammatory response, resulting in accumulation of free radicals, thereby potentiating systemic effects of local IRI [219]. The local inflammatory response as a result of IRI includes
the simultaneous production/release of cytokines (TNF-α, IFN-γ, IL-1, IL-6), chemokines
(IL-8), danger signals, ROS, and other mediators resulting in complex aberrant activation of
multiple signaling pathways and increased apoptosis, leading to the temporary or permanent functional impairment of an organ or tissue, having implications either locally or at a
distant site. IRI can lead to serious clinical manifestations to include SIRS, MODS/MOF,
extremity amputations, and even death.
Kojima et al. used a rat model of trauma and hemorrhagic shock to demonstrate
modulations in the concentration of circulating exosomes in mesenteric lymph during
normostasis, hemorrhagic shock, and in the resuscitation phase [220]. The concentration
of exosomes increased during shock and decreased during resuscitation. While the cargo
of these exosomes was not profiled, the exosomes isolated during the resuscitation phase
induced higher levels of monocyte NF-κB expression and increased intra-cellular TNF-α
levels in macrophages [220].
Hypoxic conditions and the induction of HIF-1α increases the release of exosomes from
various cell types, including renal proximal tubular cells, and cardiomyocytes [221,222].
Cancer cells under hypoxic conditions are known to release exosomes with increased
miR-23a, but Crouser et al. recently identified elevated exosomal miR-23a in patients with
myocardial ischemia [197,223,224]. miR-23a impairs NK cell cytotoxicity and is associated
with TGF-β and angiogenesis in the tumor microenvironment [223,224]. Knockdown of
miR-23a causes suppression of the NF-κB pathway, and results in downstream reduction
of IL-6 and TNF-α production [225]. Exosomes released from cardiomyocytes cultured
under hypoxic conditions contain functional TNF-α and induce apoptosis of other cardiomyocytes [222]. The mRNA cargo in exosomes released from cells under oxidative
stress is significantly different than the exosomal cargo from untreated cells and is able
to confer oxidative stress tolerance to other cells [202]. Eldh et al. reported 40 differentially expressed mRNA transcripts in exosomes derived from cells undergoing oxidative
stress. The most upregulated was Vsig1, which codes for a cell adhesion protein, and
the most downregulated was Ctnna1, which codes for beta-catenin, an adherens junction
protein [202]. Circulating serum exosomes in a model of skeletal muscle IRI induced by
clamping of the femoral artery contained increased levels of complement component C3
prepropeptide, PK-120 precursor, alpha-amylase one precursor, beta-enolase isoform 1,
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and adenylosuccinate synthetase isozyme 1 [203]. In another model of skeletal IRI induced
by tourniquet, plasma exosomes contained significantly upregulated levels of miR-24
compared to sham. When these exosomes were added to cells cultured under oxidative
stress, the transfer of miR-24 resulted in reduced apoptosis and decreased Bim expression
in these cells, suggesting a protective role for the cargo of IRI-induced exosomes [198].
Zheng et al. showed that DC-derived exosomal delivery of Hsp70 to naïve T cells stimulated the PI3K/mTOR axis leading to increased Treg differentiation and decreased Th17
differentiation in a model of hepatocyte IRI [193].
Emanueli et al. found increases in five exosomal miRNAs (miR-1, miR-133a, miR-24,
miR-210 and miR-133b) induced by ischemic injury following human coronary-arterybypass-graft (CABG) surgery. These miRNAs positively correlated with cardiac troponin
levels, but the appearance of elevated concentrations of circulating plasma exosomes
appeared earlier than troponin, a gold standard in the clinical identification of cardiac
injury and ischemia, particularly in cases of myocardial infarction. Increases in circulating
exosomes were seen immediately post-operatively, whereas troponin elevations were not
detectable until 24–48 h post-operatively [199]. In a mouse model of acute myocardial
infarction, Cheng et al. demonstrated that plasma exosomes containing miR-1, miR-208,
miR-499, and miR-133 were preferentially taken up by mononuclear cells within the bone
marrow compartment within 6 to 12 h post-injury. The net effect was mobilization of bone
marrow hematopoietic stem/progenitor cells with endogenous repair functions from the
bone marrow to the site of ischemic injury [201]. Sonoda et al., using a model of kidney
IRI induced by clamping the renal arteries, showed that urinary exosomal cargo could act
as a biomarker of acute kidney injury progression. Urinary exosomes contained unique
differentially expressed miRNAs in the injury phase (post-injury days 1 and 2), in the
initial recovery phase (day 3–7), and in the extended recovery phase (day 7–14), allowing
for discrimination between IRI and sham groups after injury resolution. One day after
IRI, exosomal miRNAs with targets related to decreasing NF-κB activity (miR-16-5p, miR24-3p, and miR-200c-3p) were increased [200,226–228]. On day 3, miRNAs with targets
related to TGF-β signaling (miR-9a-5p, miR-141-3p, miR-200a-3p, miR-200c-3p, miR-429)
were increased, with active TGF-β signaling manipulating the expression profile of these
miRNAs in the extended recovery phase [200].
4.2. Systemic Inflammatory Response Syndrome
The onset of SIRS has been used a surrogate predictor of outcome in polytrauma.
Clinical assessments such as ISS correlate a higher degree of polytraumatic injury with
the onset of SIRS [229]. The clinical diagnosis of SIRS is based on changes in vital signs
(temperature, heart rate, blood pressure, and respiratory rate) accompanied by a laboratory
assessment of a change in blood leukocytes (leukocytosis, leukopenia, or bandemia) [230].
These inflammatory changes can also be seen post-operatively in patients undergoing major
surgery [231,232]. Studies of trauma patients have created a “two-hit” model in correlation
with IL-6 levels, where major reconstructive procedures or continued under-resuscitation in
the early hyper-inflammatory post-trauma period causes patients to develop dangerously
high levels of inflammatory cytokines, predisposing them to SIRS [111]. Systemic inflammatory mediators are monitored as a metric for tracking patient progress following severe
injury, and progression to SIRS and other delayed complications [107,116,196,233]. Patient development of SIRS is a clinical indication of immune dysregulation, and a warning
of potential patient decompensation and development of other inflammation-related complications, which have likely already been set into motion on a molecular level, including
exosomal intracellular communication.
There is a lack of literature regarding the specific role of exosomes and their cargo in
the development and resolution of SIRS. Closely related to SIRS is sepsis, and exosomes
and their cargo have been more extensively investigated in that setting. While the role of
exosomal cargo in immune communication, onset, and resolution has been investigated,
and patient development of SIRS is directly related to immune control, exosomal changes
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have not been studied. Future investigation of how exosomes and their cargo relate to ISS
and SIRS offer the potential for earlier identification of at-risk patients and may unravel a
biomarker better suited clinically than the most commonly utilized current marker, IL-6,
which often follows clinical signs that the patient is decompensating.
4.3. Acute Respiratory Distress Syndrome
Acute respiratory distress syndrome is a complex pulmonary state of acute lung injury
(ALI) that can result in pulmonary edema, lung fibrosis, pulmonary hypertension, and
catastrophic respiratory failure, with the leading cause of death being development of MOF.
In the setting of trauma, the immune response, resulting in overwhelming systemic inflammation such as in SIRS, causes NF-κB activation and upregulation of pro-inflammatory
mediators. This leads to the recruitment of neutrophils which release ROS and proteases
that inappropriately damage the alveoli. Histological analysis of lung tissue shows hyaline
membranes with diffuse neutrophil and macrophage invasion, protein-rich fluid in the
alveolar spaces, disruption of the alveolar epithelium, and capillary injury [15,234]. The development of ARDS is well documented in critically ill polytrauma patients, particularly in
those with ISS > 25, traumatic brain injury, blood transfusion requirements, and significant
orthopedic trauma such as long bone fractures [16,235]. Frequently, ARDS patients must
be placed on prolonged mechanical ventilation with pressure support to prevent alveolar
collapse, which itself can further contribute to issues of hyperoxia, nosocomial infection,
and destruction of lung architecture in ventilator-induced lung injury. Gaining control of
systemic inflammation is a key factor in improving patient outcomes in ARDS [236].
Neutrophil activity is a key aspect of ARDS, and their release of exosomes with
pathogenic payloads has been demonstrated in other lung pathologies such as chronic obstructive pulmonary disease and bronchopulmonary dysplasia [15,237]. These pathogenic
exosomes contain higher levels of surface-bound neutrophil elastase, which normally provides an antimicrobial role, but in aberrant expression, degrades lung architecture [237].
In patients with community acquired pneumonia that went on to develop ARDS, serum
exosomes had increased expression of miR-146a, miR-27a, miR-126, and miR-155, and
decreased miR-223 and miR-181b compared to patients that did not develop ARDS [204].
In a model of LPS-induced ALI, Jiang et al. showed that serum exosomes contained
increased levels of miR-155, which stimulated NF-κB in macrophages, resulting in enhanced
TNF-α and IL-6 production. When exosomes from ALI mice were infused into naïve mice,
the disease state exosomes activated lung macrophages, expanded the M1 population, and
induced pathological pulmonary inflammation [57]. Chen et al. identified 29 differentially
expressed lncRNAs as part of the cargo from circulating monocyte-derived exosomes
collected from ALI patients. The authors demonstrated that the co-culture of the human
monoblastic cell line, U937, with the ALI exosomes augmented the secretion of IL-1β,
IL-6, IL-15, IL-18, and TNF-α, suggesting M1 type macrophage activation. Moreover,
they demonstrated that ALI monocyte-derived exosome preparations contained decreased
levels of the lncRNA CLMAT3 which activates the CtBP2-p300-NF-κB transcriptional
complex to induce robust levels of pro-inflammatory cytokines IL-1β, IL-6, and TNF-α.
Overexpression of CLMAT3 reversed this effect, indicating the importance of the lncRNA
in NF-kB modulation and inflammation in the setting of ALI [189].
Exosomes in the bronchoalveolar lavage fluid of ARDS patients contain proteins
associated with apoptosis (caspases 9, 12), necroptosis (RIP3), and autophagy (microtubuleassociated proteins 1A/1B light chain 3B) [205]. In the setting of hyperoxia-induced
lung trauma, increased numbers of exosomes were released from lung epithelial cells
in bronchoalveolar lavage fluid, containing increased levels of caspase-3. When the hyperoxia induced exosomes were administered to naïve mice, it caused pro-inflammatory
effects, evidenced by increased numbers of alveolar macrophages and neutrophils in their
bronchoalveolar lavage fluid. The lung epithelium-derived exosomes were also detected
circulating in the serum, and peritoneal macrophages exposed to the serum exosomes
expressed elevated levels of TNF-α and MIP-2 [206].
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4.4. Sepsis
Sepsis, like SIRS, is diagnosed when the patient is experiencing a systemic inflammatory response but is differentiated by the presence of a known infection. The severity
of the immune response to trauma, and concomitant CARS can place patients at risk for
developing a severe infection. In an immunocompetent patient, infections are swiftly dealt
with by the immune system with an appropriate inflammatory reaction ridding the body
of the inciting pathogen. However, overstimulation of the immune system by both trauma
and microbes creates the setting for an infection, leading to sepsis [238]. Increased ISS,
decreased Glasgow Coma Scale (GCS) score, and pre-existing conditions place trauma
patients at higher risk for developing sepsis [25]. If allowed to proliferate, local infections
may progress to systemic infections attacking multiple organ systems. The systemic infection attacks the endothelial and epithelial barriers, leading to tissue damage and organ
dysfunction, including ARDS and acute kidney injury [239]. A fatal complication of sepsis
is disseminated intravascular coagulation (DIC), as the inflammatory cascade and inappropriate clot formation deplete coagulation factors, leading to spontaneous, and uninhibited
bleeding [240]. Decreased systemic vascular resistance leads to low blood pressure and
perfusion issues, and can cause septic shock [239]. These perfusion issues contribute to
lactate being a recognized biomarker of sepsis since anaerobic glycolysis produces high
levels of lactate. However, single biomarkers have proven less effective in predicting
patient progression and outcome than combined panels of both pro- and anti-inflammatory
targets [241].
The role of exosomes as biomarkers for assessing patient status and progression, and
as therapeutic targets in septic patients has been previously reviewed [242,243]. In sepsis,
exosomes carry critical mediators of the inflammatory response. Inhibition of exosome
biogenesis and release with GW4869 (a pharmacological agent that blocks the ceramidemediated inward budding of MVBs and mature exosome release) decreased the production
of pro-inflammatory cytokines in a combined surgical trauma and endotoxin model, and improved survival [56]. Platelet-derived exosomes from septic patients carry active NADPH
oxidase and NO synthase, contributing to the disruption of the endothelial barriers in the
vasculature [213]. In an LPS model of sepsis, Alexander et al. were able to demonstrate
functional transfer of exosomal miR-155 and miR-146a both in vitro and in vivo. The infusion of exosomes containing miR-155 in miR-155 -/- mice challenged with LPS resulted
in increased levels of serum TNF-α and IL-6, whereas infusion of exosomes containing
miR-146a in miR-146a -/- mice caused decreased serum levels of TNF-α and IL-6 [185].
Several other miRNAs are related to the pathogenesis of sepsis, particularly miR-27a, which
induces an inflammatory response, is correlated with the developed of septic shock, and
is differentially expressed in the plasma exosomes of sepsis patients [207]. Appiah et al.
investigated intestinal epithelium-derived exosomes in the intestinal lavage fluid of a cecal
ligation and puncture (CLP) sepsis model. Isolated exosomes from injured mice contained
360 differentially regulated miRNA and 190 unique miRNAs compared collections obtained
from healthy controls. Injection of septic exosome preparations into the lumen of healthy
ileum resulted in downregulation of TNF-α, IL-1β, IL-6, IL-17A, and IL-22, while treatment
of inflamed ileum resulted in suppressed TNF-α and IL-17A activity, suggesting immunosuppressive activity [208]. Using a CLP model of sepsis, Wu et al. identified six miRNAs,
miR-16, miR-17, miR-20a, miR-20b, miR-26a, and miR-26b, with increased expression in
serum exosomes eight hours after injury [209]. Additionally, in a CLP model, Alkhateeb
et al. found an 18-fold increase in the lncRNA HOXA transcript antisense RNA, myeloidspecific 1 (Hotairm1) in late sepsis (≥ day 5) Gr1+ CD11b+ MDSC-derived exosomes in a
CLP model. In early sepsis (< day 5), the protein S100A9 was mostly confined to the cytosol,
however, Hotairm1 causes a nuclear translocation of S100A9 in late sepsis, resulting in an
immunosuppressive phenotype of Gr1+ CD11b+ MDSCs. Assessment of plasma exosomes
in human sepsis patients also showed increased Hotairm1 [212]. Real et al. identified 28
differentially expressed exosomal miRNAs in sepsis patients both at the time of enrollment
in the study and seven days later. Additionally, 35 differentially expressed plasma exo-
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somal miRNAs were linked to patient outcome. Analysis of the pathways influenced by
these miRNAs identified targets involved with inflammatory responses, particularly IL-6
signaling, acute phase response signaling, NF-κB signaling, and IL-10 signaling [210].
In a CLP model of sepsis, Gao et al. demonstrated that serum exosomes from septic
mice obtained 2 h post injury contain significantly elevated levels of pro-inflammatory
cytokines IL-1β, IL-2, IL-6, and TNF-α whereas the lymphocyte chemoattractants CCL2
(MCP-1) and CCL3 (MIP-1α) and anti-inflammatory cytokines IL-4 and IL-10 were not
increased until 12 h and 24–48 h, respectively. The elevations of cytokines and chemokines
in exosomes had different dynamics than their soluble counterparts in serum, suggesting a
unique role for exosomal cargo in sepsis [214]. Reithmair et al. found a similar pattern in
the miRNA cargo of exosomes, where intracellular, exosomal, and serum sepsis-associated
miRNAs were compartment specific. While miR-27b was increased in blood cells, serum
exosomes, and unfractionated serum, miR-125b elevations were unique to serum exosomes.
The only other similarity existed in the upregulation of five miRNAs, miR-21-5p, miR-30a5p, miR-100-5p, miR-122-5p, and miR-193a-5p, in both serum exosomes and unfractionated
serum. Elevation of three exosomal miRNAs, miR-30a, miR-125b, and miR193a, correlated
with disease severity and survival prediction [211].
4.5. Multi-Organ Dysfunction Syndrome and Multi-Organ Failure
Advances in trauma care have resulted in increased survival of patients after initial
insults. However, these patients can experience delayed complications resulting from
infection, hemorrhage and reperfusion injury, and dysregulated inflammation [23]. Multiple organ failure is a leading cause of delayed mortality in trauma patients [17,220].
The development of MOF occurs days to weeks after an inciting event (Figure 2) [112].
Major risk factors for the development of MOF in trauma patients includes ISS ≥ 16, age >
45 years, and male sex [244]. Injury patterns and interventions associated with a high ISS
and increased risk of MOF are severe abdominal trauma, multiple fractures, severe thermal
injuries, infection, and massive blood transfusions [21,112]. Transient multiple organ dysfunction may be present post-injury and during the resuscitation phase out to 48 h due to a
hyperinflammatory response, but does not always progress to MOF [245]. The models for
the development of MOF progression from SIRS are either “one hit” or “two hit”. In the
“one hit model,” patients experience such severe trauma that SIRS rapidly progresses and
leads to early MOF. In the “two hit” model, initial injury and under-resuscitation prime
injured patients in a SIRS-like state to progress to MOF when exposed to a secondary insult
such as surgery or other procedural resuscitation techniques [111,232]. This phenomenon
can complicate surgical decision-making attempting to balance the resuscitative benefits
of early appropriate care against the deleterious effects of surgery-induced inflammatory
reactions. The development of SIRS, MODS, and MOF exist on a continuum, where recognition of these conditions and timely intervention can prevent progression to the next stage.
The use of anti-cytokine and immunomodulation therapies in prevention of post-operative
SIRS has not achieved success, and prevention of patient progression to MOF is regarded
as the most effective treatment [17,109,232]. The clinical parameters for differentiating
between the stages are similar, and progression may be subtle, necessitating identification
of specific markers [21].
Research into the role of exosomes and their cargo specifically as they relate to the
development of MODS and MOF post-injury are limited. Im et al. report an association
between the level of plasma exosomes and Sequential Organ Failure Assessment (SOFA) in
the prognosis of critically ill patients with sepsis, but did not profile the contents of the exosomes [246]. Murao et al. reviewed the impact of exosomes in end-organ damage in sepsis
contributing to MODS, emphasizing the impact of exosomal delivery of sepsis-induced
inflammatory mediators on the lungs, kidneys, liver, cardiovascular system, and central
nervous system [247]. Examining the systemic inflammatory response to sepsis offers a
potential framework for examining the impact of exosomal communication in traumatic
injury, as PAMPs and DAMPs act on similar receptors. The study of MODS and MOF is
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largely a study of overwhelming and uncontrolled inflammation. As highlighted in the
previous section, exosomal cargo has a significant role in inter-cellular communication
of immune cells and the development and resolution of inflammation. Hemorrhage necessitates massive transfusions, and a major consequence of uncontrolled infection is
sepsis, which has been discussed, but fracture and thermal injuries are also associated
with unique exosomal cargo that may portend inflammatory progression and MODS or
MOF development.
4.6. Fracture Healing
While exosomes regularly participate in bone homeostasis and remodeling, they also
participate in resolution and potentiation of disease states in the skeletal system [36,39,248,249].
In a CD9 -/- mouse model, fracture healing was delayed, but rescued by injection of MSCderived exosomes. Within these exosomes, miR-21, which is known to promote osteogenic
differentiation of MSCs, was highly expressed [249]. Consistent with some degree of inflammation necessary in the setting of injury, miR-21 is also an NF-κB-dependent miRNA that
is upregulated in response to peripheral blood mononuclear cell stimulation with LPS [250].
Currently, research on exosomes and bones outside of the setting of osteoporosis is limited, but
since exosomal cargo is known to have a role in the setting of fracture, additional studies in the
setting of fracture in patients with healthy bone density may yield more benefits to the study of
severe trauma.
4.7. Thermal Injury
Large surface area burns drive a systemic inflammatory response from massive tissue injury accompanied by major fluid loss through local edema and barrier disruption,
liberated tissue breakdown products, and hypovolemia-induced cardiac dysregulation.
While catecholamines and corticosteroids are the primary mediators of metabolic dysfunction in burn patients, inflammatory mediators such as IL-1, IL-6, and TNF have also been implicated, particularly in contributing to the severity of dysfunction and catabolism [251,252].
Muscle catabolism impairs the immune response and wound healing, and places patients
at risk for complications and death [252]. Qin et al. found that there was differential
expression of 31 proteins in the serum exosomes of burn patients. Of particular note in
their findings was the upregulation of ITGA2B and ITGB3 in the burn group, as these
proteins act in the PI3K/AKT signaling pathway, which promotes cell proliferation and
growth [253]. Wound healing, especially cutaneous, is critical in a burn patient, to restore
the body’s barrier to fluid loss and infection. Persistence of inflammation can delay wound
healing, but anti-inflammatory miRNAs such as miR-124a and miR-125b found in exosomes have the ability to manipulate expression of inflammatory cytokines in the wound
microenvironment to create a more favorable setting for repair [254]. The role of exosomal
cargo as a therapeutic option, especially MSC-derived exosomes, in the setting of burn has
been more extensively studied than the profiles of exosomes in injured burn patients. Li
et al. determined in a rat burn model that human umbilical cord MSC-derived (hucMSC)
exosomal delivery of miR-181c was able to attenuate the immune response to burn by
decreasing TLR4 expression and NF-κB/p65 activation [255]. In a rat burn model, Zhang
et al. demonstrated that hucMSC-derived exosomes carrying Wnt4 enhanced cutaneous
wound healing [256].
5. Conclusions
Previous research has demonstrated the role of exosomes and their cargo in the development, control, and resolution of inflammation. Characterization of their role in inflammatory
immunological processes indicates they are pivotal in many pathological states. Information
is lacking in how these extracellular messengers contribute in the context of severe trauma,
and the subsequent uncontrolled inflammation that follows. Further investigation into the
exosome profiles following polytraumatic injuries may provide valuable insight into the
early stages of severe systemic inflammation and provide opportunities for early interven-
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tion. Identification of inciting biomolecular events for conditions like SIRS is critical for
preventing delayed patient deterioration to ARDS, sepsis, or MOF after initial resuscitation.
While systemic markers of inflammation, such as IL-6 are already widely used, the unique
cargo of exosomes may help to differentiate the effects of trauma upon the body, rather than
using broad markers of systemic dysfunction. Secondly, indication that markers of inflammation are detected earlier within circulating exosomes compared to their free, non-exosomal
counterparts in circulation, provides potential opportunity of earlier intervention than in
current practices. Exosomal cargo appears to reflect local tissue and systemic pathology,
thereby affecting remote organ function, and potentially functioning as a critical read-out
of post-traumatic damage. Put together, these circulating, membrane-bound vesicles offer a
new method of characterizing trauma-related “fingerprint molecular signatures,” with the
opportunity to enhance the efficacy of clinical decision-making tools and precision medicine.
The observed association between inflammation and change in nature or expression levels of
specific exosomal cargo is the fundamental step for identifying possible novel biomarkers of
inflammatory-based pathologies, diseases, and clinical sequelae.
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Timár, C.I.; Lőrincz, A.M.; Csépányi-Kömi, R.; Vályi-Nagy, A.; Nagy, G.; Buzás, E.I.; Iványi, Z.; Kittel, A.; Powell, D.W.; McLeish,
K.R.; et al. Antibacterial effect of microvesicles released from human neutrophilic granulocytes. Blood 2013, 121, 510–518.
[CrossRef] [PubMed]
Misawa, T.; Tanaka, Y.; Okada, R.; Takahashi, A. Biology of extracellular vesicles secreted from senescent cells as senescenceassociated secretory phenotype factors. Geriatr. Gerontol. Int. 2020, 20, 539–546. [CrossRef] [PubMed]
Zhang, Y.; Liu, Y.; Liu, H.; Tang, W.H. Exosomes: Biogenesis, biologic function and clinical potential. Cell Biosci. 2019, 9, 19.
[CrossRef] [PubMed]
van Niel, G.; D’Angelo, G.; Raposo, G. Shedding light on the cell biology of extracellular vesicles. Nat. Rev. Mol. Cell Biol 2018, 19,
213–228. [CrossRef]
Johnstone, R.M.; Adam, M.; Hammond, J.R.; Orr, L.; Turbide, C. Vesicle formation during reticulocyte maturation. Association of
plasma membrane activities with released vesicles (exosomes). J. Biol. Chem. 1987, 262, 9412–9420. [CrossRef]
Hessvik, N.P.; Llorente, A. Current knowledge on exosome biogenesis and release. Cell Mol. Life Sci. 2018, 75, 193–208. [CrossRef]
[PubMed]
Gutiérrez-Vázquez, C.; Villarroya-Beltri, C.; Mittelbrunn, M.; Sánchez-Madrid, F. Transfer of extracellular vesicles during immune
cell-cell interactions. Immunol. Rev. 2013, 251, 125–142. [CrossRef]
Ge, Q.; Zhou, Y.; Lu, J.; Bai, Y.; Xie, X.; Lu, Z. miRNA in plasma exosome is stable under different storage conditions. Molecules
2014, 19, 1568–1575. [CrossRef]
Record, M.; Silvente-Poirot, S.; Poirot, M.; Wakelam, M.J.O. Extracellular vesicles: Lipids as key components of their biogenesis
and functions. J. Lipid Res. 2018, 59, 1316–1324. [CrossRef]
Sanz-Rubio, D.; Martin-Burriel, I.; Gil, A.; Cubero, P.; Forner, M.; Khalyfa, A.; Marin, J.M. Stability of Circulating Exosomal
miRNAs in Healthy Subjects. Sci. Rep. 2018, 8, 10306. [CrossRef]
Sheinerman, K.S.; Umansky, S.R. Circulating cell-free microRNA as biomarkers for screening, diagnosis and monitoring of
neurodegenerative diseases and other neurologic pathologies. Front. Cell Neurosci. 2013, 7, 150. [CrossRef] [PubMed]
Colombo, M.; Moita, C.; van Niel, G.; Kowal, J.; Vigneron, J.; Benaroch, P.; Manel, N.; Moita, L.F.; Thery, C.; Raposo, G. Analysis
of ESCRT functions in exosome biogenesis, composition and secretion highlights the heterogeneity of extracellular vesicles. J. Cell
Sci. 2013, 126, 5553–5565. [CrossRef] [PubMed]
Bobrie, A.; Colombo, M.; Raposo, G.; Thery, C. Exosome secretion: Molecular mechanisms and roles in immune responses. Traffic
2011, 12, 1659–1668. [CrossRef]
Geis-Asteggiante, L.; Belew, A.T.; Clements, V.K.; Edwards, N.J.; Ostrand-Rosenberg, S.; El-Sayed, N.M.; Fenselau, C. Differential
Content of Proteins, mRNAs, and miRNAs Suggests that MDSC and Their Exosomes May Mediate Distinct Immune Suppressive
Functions. J. Proteome Res. 2018, 17, 486–498. [CrossRef] [PubMed]
Andreu, Z.; Yanez-Mo, M. Tetraspanins in extracellular vesicle formation and function. Front. Immunol. 2014, 5, 442. [CrossRef]
Charrin, S.; Jouannet, S.; Boucheix, C.; Rubinstein, E. Tetraspanins at a glance. J. Cell Sci. 2014, 127, 3641–3648. [CrossRef]
Batagov, A.O.; Kurochkin, I.V. Exosomes secreted by human cells transport largely mRNA fragments that are enriched in the
3’-untranslated regions. Biol. Direct 2013, 8, 12. [CrossRef]
Bagga, S.; Bracht, J.; Hunter, S.; Massirer, K.; Holtz, J.; Eachus, R.; Pasquinelli, A.E. Regulation by let-7 and lin-4 miRNAs results
in target mRNA degradation. Cell 2005, 122, 553–563. [CrossRef]
Guo, L.; Lu, Z. The fate of miRNA* strand through evolutionary analysis: Implication for degradation as merely carrier strand or
potential regulatory molecule? PLoS ONE 2010, 5, e11387. [CrossRef]
Islam, A.; Ghimbovschi, S.; Zhai, M.; Swift, J.M. An Exploration of Molecular Correlates Relevant to Radiation Combined
Skin-Burn Trauma. PLoS ONE 2015, 10, e0134827. [CrossRef]
Zhou, H.; Huang, X.; Cui, H.; Luo, X.; Tang, Y.; Chen, S.; Wu, L.; Shen, N. miR-155 and its star-form partner miR-155* cooperatively
regulate type I interferon production by human plasmacytoid dendritic cells. Blood 2010, 116, 5885–5894. [CrossRef] [PubMed]
Shukla, G.C.; Singh, J.; Barik, S. MicroRNAs: Processing, Maturation, Target Recognition and Regulatory Functions. Mol. Cell
Pharmacol. 2011, 3, 83–92.
Gu, H.; Wu, L.; Chen, H.; Huang, Z.; Xu, J.; Zhou, K.; Zhang, Y.; Chen, J.; Xia, J.; Yin, X. Identification of differentially expressed
microRNAs in the bone marrow of osteoporosis patients. Am. J. Transl. Res. 2019, 11, 2940–2954.
Bartel, D.P. MicroRNAs: Target recognition and regulatory functions. Cell 2009, 136, 215–233. [CrossRef] [PubMed]
Squadrito, M.L.; Baer, C.; Burdet, F.; Maderna, C.; Gilfillan, G.D.; Lyle, R.; Ibberson, M.; De Palma, M. Endogenous RNAs
modulate microRNA sorting to exosomes and transfer to acceptor cells. Cell Rep. 2014, 8, 1432–1446. [CrossRef]
Yao, R.W.; Wang, Y.; Chen, L.L. Cellular functions of long noncoding RNAs. Nat. Cell Biol. 2019, 21, 542–551. [CrossRef]

Biomolecules 2021, 11, 522

98.

99.
100.

101.
102.
103.
104.
105.

106.
107.

108.

109.
110.

111.
112.
113.
114.

115.
116.

117.
118.
119.
120.
121.
122.

123.

25 of 30

Yousefi, H.; Maheronnaghsh, M.; Molaei, F.; Mashouri, L.; Reza Aref, A.; Momeny, M.; Alahari, S.K. Long noncoding RNAs and
exosomal lncRNAs: Classification, and mechanisms in breast cancer metastasis and drug resistance. Oncogene 2020, 39, 953–974.
[CrossRef] [PubMed]
Chen, J.; Ao, L.; Yang, J. Long non-coding RNAs in diseases related to inflammation and immunity. Ann. Transl. Med. 2019, 7, 494.
[CrossRef] [PubMed]
Patel, N.A.; Moss, L.D.; Lee, J.Y.; Tajiri, N.; Acosta, S.; Hudson, C.; Parag, S.; Cooper, D.R.; Borlongan, C.V.; Bickford, P.C. Long
noncoding RNA MALAT1 in exosomes drives regenerative function and modulates inflammation-linked networks following
traumatic brain injury. J. Neuroinflammation 2018, 15, 204. [CrossRef] [PubMed]
Sobrino, J.; Shafi, S. Timing and Causes of Death After Injuries. Bayl. Univ. Med Cent. Proc. 2013, 26, 120–123. [CrossRef] [PubMed]
Pfeifer, R.; Teuben, M.; Andruszkow, H.; Barkatali, B.M.; Pape, H.-C. Mortality Patterns in Patients with Multiple Trauma: A
Systematic Review of Autopsy Studies. PLoS ONE 2016, 11, e0148844. [CrossRef]
Thompson, K.B.; Krispinsky, L.T.; Stark, R.J. Late immune consequences of combat trauma: A review of trauma-related immune
dysfunction and potential therapies. Mil. Med. Res. 2019, 6, 11. [CrossRef] [PubMed]
Burk, A.M.; Martin, M.; Flierl, M.A.; Rittirsch, D.; Helm, M.; Lampl, L.; Bruckner, U.; Stahl, G.L.; Blom, A.M.; Perl, M.; et al. Early
complementopathy after multiple injuries in humans. Shock 2012, 37, 348–354. [CrossRef]
Frith, D.; Goslings, J.C.; Gaarder, C.; Maegele, M.; Cohen, M.J.; Allard, S.; Johansson, P.I.; Stanworth, S.; Thiemermann, C.; Brohi,
K. Definition and drivers of acute traumatic coagulopathy: Clinical and experimental investigations. J. Thromb. Haemost. 2010, 8,
1919–1925. [CrossRef] [PubMed]
Forsberg, J.A.; Potter, B.K.; Polfer, E.M.; Safford, S.D.; Elster, E.A. Do inflammatory markers portend heterotopic ossification and
wound failure in combat wounds? Clin. Orthop Relat. Res. 2014, 472, 2845–2854. [CrossRef] [PubMed]
Evans, K.N.; Forsberg, J.A.; Potter, B.K.; Hawksworth, J.S.; Brown, T.S.; Andersen, R.; Dunne, J.R.; Tadaki, D.; Elster, E.A.
Inflammatory cytokine and chemokine expression is associated with heterotopic ossification in high-energy penetrating war
injuries. J. Orthop. Trauma 2012, 26, e204–e213. [CrossRef]
Kleinveld, D.J.; Tuip-de Boer, A.M.; Hollmann, M.W.; Juffermans, N.P. Early increase in anti-inflammatory biomarkers is
associated with the development of multiple organ dysfunction syndrome in severely injured trauma patients. Trauma Surg Acute
Care Open 2019, 4, e000343. [CrossRef]
Alazawi, W.; Pirmadjid, N.; Lahiri, R.; Bhattacharya, S. Inflammatory and Immune Responses to Surgery and Their Clinical
Impact. Ann. Surg. 2016, 264, 73–80. [CrossRef]
Cohen, M.J.; Brohi, K.; Calfee, C.S.; Rahn, P.; Chesebro, B.B.; Christiaans, S.C.; Carles, M.; Howard, M.; Pittet, J.F. Early release
of high mobility group box nuclear protein 1 after severe trauma in humans: Role of injury severity and tissue hypoperfusion.
Crit. Care 2009, 13, R174. [CrossRef]
Giannoudis, P.V.; Mallina, R.; Harwood, P.; Perry, S.; Sante, E.D.; Pape, H.C. Pattern of release and relationship between HMGB-1
and IL-6 following blunt trauma. Injury 2010, 41, 1323–1327. [CrossRef]
Deitch, E.A. Multiple organ failure. Pathophysiology and potential future therapy. Ann. Surg. 1992, 216, 117–134. [CrossRef]
Gebhard, F.; Pfetsch, H.; Steinbach, G.; Strecker, W.; Kinzl, L.; Bruckner, U.B. Is interleukin 6 an early marker of injury severity
following major trauma in humans? Arch. Surg. 2000, 135, 291–295. [CrossRef] [PubMed]
Sousa, A.; Raposo, F.; Fonseca, S.; Valente, L.; Duarte, F.; Goncalves, M.; Tuna, D.; Paiva, J.A. Measurement of cytokines and
adhesion molecules in the first 72 h after severe trauma: Association with severity and outcome. Dis. Markers 2015, 2015, 747036.
[CrossRef]
Dekker, A.B.; Krijnen, P.; Schipper, I.B. Predictive value of cytokines for developing complications after polytrauma. World J. Crit.
Care Med. 2016, 5, 187–200. [CrossRef] [PubMed]
Levy, R.M.; Prince, J.M.; Yang, R.; Mollen, K.P.; Liao, H.; Watson, G.A.; Fink, M.P.; Vodovotz, Y.; Billiar, T.R. Systemic inflammation
and remote organ damage following bilateral femur fracture requires Toll-like receptor 4. Am. J. Physiol. Regul. Integr. Comp.
Physiol. 2006, 291, R970–R976. [CrossRef] [PubMed]
Gibot, S.; Massin, F.; Alauzet, C.; Montemont, C.; Lozniewski, A.; Bollaert, P.E.; Levy, B. Effects of the TREM-1 pathway
modulation during mesenteric ischemia-reperfusion in rats. Crit. Care Med. 2008, 36, 504–510. [CrossRef]
Mishra, K.P.; Jain, S.; Ganju, L.; Singh, S.B. Hypoxic Stress Induced TREM-1 and Inflammatory Chemokines in Human Peripheral
Blood Mononuclear Cells. Indian J. Clin. Biochem. 2014, 29, 133–138. [CrossRef]
Tran, T.P.; Tu, H.; Liu, J.; Muelleman, R.L.; Li, Y.L. Mitochondria-derived superoxide links to tourniquet-induced apoptosis in
mouse skeletal muscle. PLoS ONE 2012, 7, e43410. [CrossRef]
Bertheloot, D.; Latz, E. HMGB1, IL-1alpha, IL-33 and S100 proteins: Dual-function alarmins. Cell Mol. Immunol. 2017, 14, 43–64.
[CrossRef]
Zhang, Q.; Raoof, M.; Chen, Y.; Sumi, Y.; Sursal, T.; Junger, W.; Brohi, K.; Itagaki, K.; Hauser, C.J. Circulating mitochondrial
DAMPs cause inflammatory responses to injury. Nature 2010, 464, 104–107. [CrossRef]
Tsung, A.; Klune, J.R.; Zhang, X.; Jeyabalan, G.; Cao, Z.; Peng, X.; Stolz, D.B.; Geller, D.A.; Rosengart, M.R.; Billiar, T.R.
HMGB1 release induced by liver ischemia involves Toll-like receptor 4 dependent reactive oxygen species production and
calcium-mediated signaling. J. Exp. Med. 2007, 204, 2913–2923. [CrossRef]
Klune, J.R.; Dhupar, R.; Cardinal, J.; Billiar, T.R.; Tsung, A. HMGB1: Endogenous danger signaling. Mol. Med. 2008, 14, 476–484.
[CrossRef] [PubMed]

Biomolecules 2021, 11, 522

26 of 30

124. Schiraldi, M.; Raucci, A.; Munoz, L.M.; Livoti, E.; Celona, B.; Venereau, E.; Apuzzo, T.; De Marchis, F.; Pedotti, M.; Bachi, A.; et al.
HMGB1 promotes recruitment of inflammatory cells to damaged tissues by forming a complex with CXCL12 and signaling via
CXCR4. J. Exp. Med. 2012, 209, 551–563. [CrossRef] [PubMed]
125. Yang, Z.; Tao, T.; Raftery, M.J.; Youssef, P.; Di Girolamo, N.; Geczy, C.L. Proinflammatory properties of the human S100 protein
S100A12. J. Leukoc. Biol. 2001, 69, 986–994.
126. Beninson, L.A.; Fleshner, M. Exosomes: An emerging factor in stress-induced immunomodulation. Semin. Immunol. 2014, 26,
394–401. [CrossRef]
127. Li, H.; Liu, J.; Yao, J.; Zhong, J.; Guo, L.; Sun, T. Fracture initiates systemic inflammatory response syndrome through recruiting
polymorphonuclear leucocytes. Immunol. Res. 2016, 64, 1053–1059. [CrossRef]
128. Schwacha, M.G.; Rani, M.; Zhang, Q.; Nunez-Cantu, O.; Cap, A.P. Mitochondrial damage-associated molecular patterns activate
gammadelta T-cells. Innate Immun. 2014, 20, 261–268. [CrossRef] [PubMed]
129. Franchi, L.; Warner, N.; Viani, K.; Nunez, G. Function of Nod-like receptors in microbial recognition and host defense. Immunol.
Rev. 2009, 227, 106–128. [CrossRef]
130. Italiani, P.; Boraschi, D. From Monocytes to M1/M2 Macrophages: Phenotypical vs. Functional Differentiation. Front. Immunol.
2014, 5, 514. [CrossRef]
131. Davies, L.C.; Jenkins, S.J.; Allen, J.E.; Taylor, P.R. Tissue-resident macrophages. Nat. Immunol. 2013, 14, 986–995. [CrossRef]
[PubMed]
132. Hirayama, D.; Iida, T.; Nakase, H. The Phagocytic Function of Macrophage-Enforcing Innate Immunity and Tissue Homeostasis.
Int. J. Mol. Sci. 2017, 19, 92. [CrossRef]
133. Swirski, F.K.; Nahrendorf, M.; Etzrodt, M.; Wildgruber, M.; Cortez-Retamozo, V.; Panizzi, P.; Figueiredo, J.L.; Kohler, R.H.;
Chudnovskiy, A.; Waterman, P.; et al. Identification of splenic reservoir monocytes and their deployment to inflammatory sites.
Science 2009, 325, 612–616. [CrossRef] [PubMed]
134. Abdelaziz, M.H.; Abdelwahab, S.F.; Wan, J.; Cai, W.; Huixuan, W.; Jianjun, C.; Kumar, K.D.; Vasudevan, A.; Sadek, A.; Su, Z.; et al.
Alternatively activated macrophages; a double-edged sword in allergic asthma. J. Transl. Med. 2020, 18, 58. [CrossRef]
135. Ward, N.S.; Casserly, B.; Ayala, A. The compensatory anti-inflammatory response syndrome (CARS) in critically ill patients.
Clin. Chest Med. 2008, 29, 617–625. [CrossRef]
136. Vourc’h, M.; Roquilly, A.; Asehnoune, K. Trauma-Induced Damage-Associated Molecular Patterns-Mediated Remote Organ
Injury and Immunosuppression in the Acutely Ill Patient. Front. Immunol. 2018, 9, 1330. [CrossRef]
137. Dinarello, C.A. Biologic basis for interleukin-1 in disease. Blood 1996, 87, 2095–2147. [CrossRef]
138. Kudo, S.; Mizuno, K.; Hirai, Y.; Shimizu, T. Clearance and tissue distribution of recombinant human interleukin 1 beta in rats.
Cancer Res. 1990, 50, 5751–5755.
139. Fantuzzi, G.; Ku, G.; Harding, M.W.; Livingston, D.J.; Sipe, J.D.; Kuida, K.; Flavell, R.A.; Dinarello, C.A. Response to local
inflammation of IL-1 beta-converting enzyme- deficient mice. J. Immunol. 1997, 158, 1818–1824.
140. Romano, M.; Sironi, M.; Toniatti, C.; Polentarutti, N.; Fruscella, P.; Ghezzi, P.; Faggioni, R.; Luini, W.; van Hinsbergh, V.;
Sozzani, S.; et al. Role of IL-6 and its soluble receptor in induction of chemokines and leukocyte recruitment. Immunity 1997, 6,
315–325. [CrossRef]
141. Fattori, E.; Cappelletti, M.; Costa, P.; Sellitto, C.; Cantoni, L.; Carelli, M.; Faggioni, R.; Fantuzzi, G.; Ghezzi, P.; Poli, V. Defective
inflammatory response in interleukin 6-deficient mice. J. Exp. Med. 1994, 180, 1243–1250. [CrossRef] [PubMed]
142. Kuribayashi, T. Elimination half-lives of interleukin-6 and cytokine-induced neutrophil chemoattractant-1 synthesized in response
to inflammatory stimulation in rats. Lab. Anim. Res. 2018, 34, 80–83. [CrossRef]
143. Jiang, W.G.; Sanders, A.J.; Ruge, F.; Harding, K.G. Influence of interleukin-8 (IL-8) and IL-8 receptors on the migration of human
keratinocytes, the role of PLC-gamma and potential clinical implications. Exp. Ther. Med. 2012, 3, 231–236. [CrossRef]
144. Li, A.; Dubey, S.; Varney, M.L.; Dave, B.J.; Singh, R.K. IL-8 directly enhanced endothelial cell survival, proliferation, and matrix
metalloproteinases production and regulated angiogenesis. J. Immunol. 2003, 170, 3369–3376. [CrossRef]
145. Yoshimura, A.; Wakabayashi, Y.; Mori, T. Cellular and molecular basis for the regulation of inflammation by TGF-beta. J. Biochem.
2010, 147, 781–792. [CrossRef] [PubMed]
146. Ni Choileain, N.; Redmond, H.P. Cell response to surgery. Arch. Surg. 2006, 141, 1132–1140. [CrossRef] [PubMed]
147. Chijioke, O.; Munz, C. Dendritic cell derived cytokines in human natural killer cell differentiation and activation. Front. Immunol.
2013, 4, 365. [CrossRef] [PubMed]
148. Sobo-Vujanovic, A.; Munich, S.; Vujanovic, N.L. Dendritic-cell exosomes cross-present Toll-like receptor-ligands and activate
bystander dendritic cells. Cell Immunol. 2014, 289, 119–127. [CrossRef]
149. Tibúrcio, R.; Nunes, S.; Nunes, I.; Rosa Ampuero, M.; Silva, I.B.; Lima, R.; Machado Tavares, N.; Brodskyn, C. Molecular Aspects
of Dendritic Cell Activation in Leishmaniasis: An Immunobiological View. Front. Immunol. 2019, 10, 227. [CrossRef] [PubMed]
150. Zenobia, C.; Hajishengallis, G. Basic biology and role of interleukin-17 in immunity and inflammation. Periodontol. 2000 2015, 69,
142–159. [CrossRef] [PubMed]
151. Stoecklein, V.M.; Osuka, A.; Lederer, J.A. Trauma equals danger–damage control by the immune system. J. Leukoc. Biol. 2012, 92,
539–551. [CrossRef]
152. Vignali, D.A.; Collison, L.W.; Workman, C.J. How regulatory T cells work. Nat. Rev. Immunol. 2008, 8, 523–532. [CrossRef]

Biomolecules 2021, 11, 522

27 of 30

153. Ni Choileain, N.; MacConmara, M.; Zang, Y.; Murphy, T.J.; Mannick, J.A.; Lederer, J.A. Enhanced regulatory T cell activity is an
element of the host response to injury. J. Immunol. 2006, 176, 225–236. [CrossRef] [PubMed]
154. Waisman, A.; Lukas, D.; Clausen, B.E.; Yogev, N. Dendritic cells as gatekeepers of tolerance. Semin. Immunopathol. 2017, 39,
153–163. [CrossRef] [PubMed]
155. Llopiz, D.; Ruiz, M.; Infante, S.; Villanueva, L.; Silva, L.; Hervas-Stubbs, S.; Alignani, D.; Guruceaga, E.; Lasarte, J.J.; Sarobe, P. IL10 expression defines an immunosuppressive dendritic cell population induced by antitumor therapeutic vaccination. Oncotarget
2017, 8, 2659–2671. [CrossRef] [PubMed]
156. Vulpis, E.; Soriani, A.; Cerboni, C.; Santoni, A.; Zingoni, A. Cancer Exosomes as Conveyors of Stress-Induced Molecules: New
Players in the Modulation of NK Cell Response. Int. J. Mol. Sci. 2019, 20, 611. [CrossRef]
157. Collett, G.P.; Redman, C.W.; Sargent, I.L.; Vatish, M. Endoplasmic reticulum stress stimulates the release of extracellular vesicles
carrying danger-associated molecular pattern (DAMP) molecules. Oncotarget 2018, 9, 6707–6717. [CrossRef]
158. Jian, B.; Hsieh, C.H.; Chen, J.; Choudhry, M.; Bland, K.; Chaudry, I.; Raju, R. Activation of endoplasmic reticulum stress response
following trauma-hemorrhage. Biochim. Biophys. Acta 2008, 1782, 621–626. [CrossRef]
159. Gupta, S.; Knowlton, A.A. HSP60 trafficking in adult cardiac myocytes: Role of the exosomal pathway. Am. J. Physiol. Heart. Circ.
Physiol. 2007, 292, H3052–H3056. [CrossRef]
160. Nathan, C. Points of control in inflammation. Nature 2002, 420, 846–852. [CrossRef]
161. Torralba, D.; Baixauli, F.; Sanchez-Madrid, F. Mitochondria Know No Boundaries: Mechanisms and Functions of Intercellular
Mitochondrial Transfer. Front. Cell Dev. Biol. 2016, 4, 107. [CrossRef] [PubMed]
162. Sansone, P.; Savini, C.; Kurelac, I.; Chang, Q.; Amato, L.B.; Strillacci, A.; Stepanova, A.; Iommarini, L.; Mastroleo, C.; Daly, L.; et al.
Packaging and transfer of mitochondrial DNA via exosomes regulate escape from dormancy in hormonal therapy-resistant breast
cancer. Proc. Natl Acad. Sci. USA 2017, 114, E10255. [CrossRef] [PubMed]
163. Burke, M.; Choksawangkarn, W.; Edwards, N.; Ostrand-Rosenberg, S.; Fenselau, C. Exosomes from myeloid-derived suppressor
cells carry biologically active proteins. J. Proteome Res. 2014, 13, 836–843. [CrossRef]
164. Beninson, L.A.; Brown, P.N.; Loughridge, A.B.; Saludes, J.P.; Maslanik, T.; Hills, A.K.; Woodworth, T.; Craig, W.; Yin, H.;
Fleshner, M. Acute stressor exposure modifies plasma exosome-associated heat shock protein 72 (Hsp72) and microRNA
(miR-142-5p and miR-203). PLoS ONE 2014, 9, e108748. [CrossRef]
165. Carrière, J.; Bretin, A.; Darfeuille-Michaud, A.; Barnich, N.; Nguyen, H.T. Exosomes Released from Cells Infected with Crohn’s
Disease-associated Adherent-Invasive Escherichia coli Activate Host Innate Immune Responses and Enhance Bacterial Intracellular Replication. Inflamm. Bowel. Dis. 2016, 22, 516–528. [CrossRef]
166. Alivernini, S.; Gremese, E.; McSharry, C.; Tolusso, B.; Ferraccioli, G.; McInnes, I.B.; Kurowska-Stolarska, M. MicroRNA-155-at the
Critical Interface of Innate and Adaptive Immunity in Arthritis. Front. Immunol. 2018, 8, 1932. [CrossRef]
167. Mahesh, G.; Biswas, R. MicroRNA-155: A Master Regulator of Inflammation. J. Interferon Cytokine Res. 2019, 39, 321–330.
[CrossRef] [PubMed]
168. O’Connell, R.M.; Taganov, K.D.; Boldin, M.P.; Cheng, G.; Baltimore, D. MicroRNA-155 is induced during the macrophage
inflammatory response. Proc. Natl. Acad. Sci. USA 2007, 104, 1604–1609. [CrossRef]
169. Qu, Y.; Franchi, L.; Nunez, G.; Dubyak, G.R. Nonclassical IL-1 beta secretion stimulated by P2X7 receptors is dependent on
inflammasome activation and correlated with exosome release in murine macrophages. J. Immunol. 2007, 179, 1913–1925.
[CrossRef]
170. Kerr, N.; Garcia-Contreras, M.; Abbassi, S.; Mejias, N.H.; Desousa, B.R.; Ricordi, C.; Dietrich, W.D.; Keane, R.W.; de Rivero Vaccari,
J.P. Inflammasome Proteins in Serum and Serum-Derived Extracellular Vesicles as Biomarkers of Stroke. Front. Mol. Neurosci
2018, 11, 309. [CrossRef] [PubMed]
171. Li, Q.; Wang, H.; Peng, H.; Huyan, T.; Cacalano, N.A. Exosomes: Versatile Nano Mediators of Immune Regulation. Cancers 2019,
11, 1557. [CrossRef] [PubMed]
172. Wang, C.; Zhang, C.; Liu, L.; A, X.; Chen, B.; Li, Y.; Du, J. Macrophage-Derived mir-155-Containing Exosomes Suppress Fibroblast
Proliferation and Promote Fibroblast Inflammation during Cardiac Injury. Mol. Ther. 2017, 25, 192–204. [CrossRef] [PubMed]
173. Ariza, M.E.; Rivailler, P.; Glaser, R.; Chen, M.; Williams, M.V. Epstein-Barr virus encoded dUTPase containing exosomes modulate
innate and adaptive immune responses in human dendritic cells and peripheral blood mononuclear cells. PLoS ONE 2013, 8,
e69827. [CrossRef]
174. Phinney, D.G.; Di Giuseppe, M.; Njah, J.; Sala, E.; Shiva, S.; St Croix, C.M.; Stolz, D.B.; Watkins, S.C.; Di, Y.P.; Leikauf, G.D.; et al.
Mesenchymal stem cells use extracellular vesicles to outsource mitophagy and shuttle microRNAs. Nat. Commun. 2015, 6, 8472.
[CrossRef]
175. Wong, W.Y.; Lee, M.M.; Chan, B.D.; Kam, R.K.; Zhang, G.; Lu, A.P.; Tai, W.C. Proteomic profiling of dextran sulfate sodium
induced acute ulcerative colitis mice serum exosomes and their immunomodulatory impact on macrophages. Proteomics 2016, 16,
1131–1145. [CrossRef]
176. Das, S.; Halushka, M.K. Extracellular vesicle microRNA transfer in cardiovascular disease. Cardiovasc. Pathol. 2015, 24, 199–206.
[CrossRef] [PubMed]
177. Shelke, G.V.; Yin, Y.; Jang, S.C.; Lässer, C.; Wennmalm, S.; Hoffmann, H.J.; Li, L.; Gho, Y.S.; Nilsson, J.A.; Lötvall, J. Endosomal
signalling via exosome surface TGFbeta-1. J. Extracell Vesicles 2019, 8, 1650458. [CrossRef]

Biomolecules 2021, 11, 522

28 of 30

178. Lee, H.M.; Kim, T.S.; Jo, E.K. MiR-146 and miR-125 in the regulation of innate immunity and inflammation. BMB Rep. 2016, 49,
311–318. [CrossRef]
179. Bhatt, K.; Lanting, L.L.; Jia, Y.; Yadav, S.; Reddy, M.A.; Magilnick, N.; Boldin, M.; Natarajan, R. Anti-Inflammatory Role of
MicroRNA-146a in the Pathogenesis of Diabetic Nephropathy. J. Am. Soc. Nephrol. 2016, 27, 2277–2288. [CrossRef]
180. Xie, Y.; Chu, A.; Feng, Y.; Chen, L.; Shao, Y.; Luo, Q.; Deng, X.; Wu, M.; Shi, X.; Chen, Y. MicroRNA-146a: A Comprehensive
Indicator of Inflammation and Oxidative Stress Status Induced in the Brain of Chronic T2DM Rats. Front. Pharmacol. 2018, 9, 478.
[CrossRef] [PubMed]
181. Song, Y.; Dou, H.; Li, X.; Zhao, X.; Li, Y.; Liu, D.; Ji, J.; Liu, F.; Ding, L.; Ni, Y.; et al. Exosomal miR-146a Contributes to
the Enhanced Therapeutic Efficacy of Interleukin-1beta-Primed Mesenchymal Stem Cells Against Sepsis. Stem Cells 2017, 35,
1208–1221. [CrossRef]
182. Roy, S.; Sen, C.K. miRNA in wound inflammation and angiogenesis. Microcirculation 2012, 19, 224–232. [CrossRef]
183. Nejad, C.; Stunden, H.J.; Gantier, M.P. A guide to miRNAs in inflammation and innate immune responses. FEBS J. 2018, 285,
3695–3716. [CrossRef]
184. Venkat, P.; Cui, C.; Chopp, M.; Zacharek, A.; Wang, F.; Landschoot-Ward, J.; Shen, Y.; Chen, J. MiR-126 Mediates Brain Endothelial
Cell Exosome Treatment-Induced Neurorestorative Effects After Stroke in Type 2 Diabetes Mellitus Mice. Stroke 2019, 50,
2865–2874. [CrossRef]
185. Alexander, M.; Hu, R.; Runtsch, M.C.; Kagele, D.A.; Mosbruger, T.L.; Tolmachova, T.; Seabra, M.C.; Round, J.L.; Ward, D.M.;
O’Connell, R.M. Exosome-delivered microRNAs modulate the inflammatory response to endotoxin. Nat. Commun. 2015, 6, 7321.
[CrossRef] [PubMed]
186. Li, X.; Lei, Y.; Wu, M.; Li, N. Regulation of Macrophage Activation and Polarization by HCC-Derived Exosomal lncRNA TUC339.
Int. J. Mol. Sci. 2018, 19, 2958. [CrossRef]
187. Chen, F.; Wang, N.; Tan, H.Y.; Guo, W.; Zhang, C.; Feng, Y. The functional roles of exosomes-derived long non-coding RNA in
human cancer. Cancer Biol. Ther. 2019, 20, 583–592. [CrossRef]
188. Naderi-Meshkin, H.; Lai, X.; Amirkhah, R.; Vera, J.; Rasko, J.E.J.; Schmitz, U. Exosomal lncRNAs and cancer: Connecting the
missing links. Bioinformatics 2019, 35, 352–360. [CrossRef]
189. Chen, Z.; Dong, W.H.; Qiu, Z.M.; Li, Q.G. The Monocyte-Derived Exosomal CLMAT3 Activates the CtBP2-p300-NF-kappaB
Transcriptional Complex to Induce Proinflammatory Cytokines in ALI. Mol. Ther. Nucleic. Acids 2020, 21, 1100–1110. [CrossRef]
190. Buschow, S.I.; Nolte-’t Hoen, E.N.; van Niel, G.; Pols, M.S.; ten Broeke, T.; Lauwen, M.; Ossendorp, F.; Melief, C.J.; Raposo, G.;
Wubbolts, R.; et al. MHC II in dendritic cells is targeted to lysosomes or T cell-induced exosomes via distinct multivesicular body
pathways. Traffic 2009, 10, 1528–1542. [CrossRef]
191. Théry, C.; Duban, L.; Segura, E.; Veron, P.; Lantz, O.; Amigorena, S. Indirect activation of naive CD4+ T cells by dendritic
cell-derived exosomes. Nat. Immunol. 2002, 3, 1156–1162. [CrossRef]
192. van der Vlist, E.J.; Arkesteijn, G.J.; van de Lest, C.H.; Stoorvogel, W.; Nolte-’t Hoen, E.N.; Wauben, M.H. CD4(+) T cell activation
promotes the differential release of distinct populations of nanosized vesicles. J. Extracell Vesicles 2012, 1. [CrossRef] [PubMed]
193. Zheng, L.; Li, Z.; Ling, W.; Zhu, D.; Feng, Z.; Kong, L. Exosomes Derived from Dendritic Cells Attenuate Liver Injury by
Modulating the Balance of Treg and Th17 Cells After Ischemia Reperfusion. Cell Physiol. Biochem. 2018, 46, 740–756. [CrossRef]
[PubMed]
194. Alonso, R.; Rodriguez, M.C.; Pindado, J.; Merino, E.; Merida, I.; Izquierdo, M. Diacylglycerol kinase alpha regulates the secretion
of lethal exosomes bearing Fas ligand during activation-induced cell death of T lymphocytes. J. Biol. Chem. 2005, 280, 28439–28450.
[CrossRef] [PubMed]
195. Cuenca, A.G.; Gentile, L.F.; Lopez, M.C.; Ungaro, R.; Liu, H.; Xiao, W.; Seok, J.; Mindrinos, M.N.; Ang, D.; Baslanti, T.O.; et al.
Development of a genomic metric that can be rapidly used to predict clinical outcome in severely injured trauma patients. Crit.
Care Med. 2013, 41, 1175–1185. [CrossRef]
196. Hawksworth, J.S.; Stojadinovic, A.; Gage, F.A.; Tadaki, D.K.; Perdue, P.W.; Forsberg, J.; Davis, T.A.; Dunne, J.R.; Denobile, J.W.;
Brown, T.S.; et al. Inflammatory biomarkers in combat wound healing. Ann. Surg. 2009, 250, 1002–1007. [CrossRef]
197. Crouser, E.D.; Julian, M.W.; Bicer, S.; Ghai, V.; Kim, T.K.; Maier, L.A.; Gillespie, M.; Hamzeh, N.Y.; Wang, K. Circulating
exosomal microRNA expression patterns distinguish cardiac sarcoidosis from myocardial ischemia. PLoS ONE 2021, 16, e0246083.
[CrossRef]
198. Minghua, W.; Zhijian, G.; Chahua, H.; Qiang, L.; Minxuan, X.; Luqiao, W.; Weifang, Z.; Peng, L.; Biming, Z.; Lingling, Y.; et al.
Plasma exosomes induced by remote ischaemic preconditioning attenuate myocardial ischaemia/reperfusion injury by transferring miR-24. Cell Death. Dis. 2018, 9, 320. [CrossRef]
199. Emanueli, C.; Shearn, A.I.; Laftah, A.; Fiorentino, F.; Reeves, B.C.; Beltrami, C.; Mumford, A.; Clayton, A.; Gurney, M.;
Shantikumar, S.; et al. Coronary Artery-Bypass-Graft Surgery Increases the Plasma Concentration of Exosomes Carrying a Cargo
of Cardiac MicroRNAs: An Example of Exosome Trafficking Out of the Human Heart with Potential for Cardiac Biomarker
Discovery. PLoS ONE 2016, 11, e0154274. [CrossRef] [PubMed]
200. Sonoda, H.; Lee, B.R.; Park, K.H.; Nihalani, D.; Yoon, J.H.; Ikeda, M.; Kwon, S.H. miRNA profiling of urinary exosomes to assess
the progression of acute kidney injury. Sci. Rep. 2019, 9, 4692. [CrossRef]
201. Cheng, M.; Yang, J.; Zhao, X.; Zhang, E.; Zeng, Q.; Yu, Y.; Yang, L.; Wu, B.; Yi, G.; Mao, X.; et al. Circulating myocardial microRNAs
from infarcted hearts are carried in exosomes and mobilise bone marrow progenitor cells. Nat. Commun. 2019, 10, 959. [CrossRef]

Biomolecules 2021, 11, 522

29 of 30

202. Eldh, M.; Ekström, K.; Valadi, H.; Sjöstrand, M.; Olsson, B.; Jernås, M.; Lötvall, J. Exosomes communicate protective messages
during oxidative stress; possible role of exosomal shuttle RNA. PLoS ONE 2010, 5, e15353. [CrossRef]
203. Yang, J.C.; Lin, M.W.; Rau, C.S.; Jeng, S.F.; Lu, T.H.; Wu, Y.C.; Chen, Y.C.; Tzeng, S.L.; Wu, C.J.; Hsieh, C.H. Altered exosomal
protein expression in the serum of NF-kappaB knockout mice following skeletal muscle ischemia-reperfusion injury. J. Biomed.
Sci. 2015, 22, 40. [CrossRef]
204. Wu, X.; Wu, C.; Gu, W.; Ji, H.; Zhu, L. Serum Exosomal MicroRNAs Predict Acute Respiratory Distress Syndrome Events in
Patients with Severe Community-Acquired Pneumonia. Biomed. Res. Int. 2019, 2019, 3612020. [CrossRef]
205. Kim, T.H.; Hong, S.B.; Lim, C.M.; Koh, Y.; Jang, E.Y.; Huh, J.W. The Role of Exosomes in Bronchoalveloar Lavage from Patients
with Acute Respiratory Distress Syndrome. J. Clin. Med. 2019, 8, 1148. [CrossRef]
206. Moon, H.G.; Cao, Y.; Yang, J.; Lee, J.H.; Choi, H.S.; Jin, Y. Lung epithelial cell-derived extracellular vesicles activate macrophagemediated inflammatory responses via ROCK1 pathway. Cell Death Dis. 2015, 6, e2016. [CrossRef] [PubMed]
207. Hashemian, S.M.; Pourhanifeh, M.H.; Fadaei, S.; Velayati, A.A.; Mirzaei, H.; Hamblin, M.R. Non-coding RNAs and Exosomes:
Their Role in the Pathogenesis of Sepsis. Mol. Ther. Nucleic. Acids. 2020, 21, 51–74. [CrossRef] [PubMed]
208. Appiah, M.G.; Park, E.J.; Darkwah, S.; Kawamoto, E.; Akama, Y.; Gaowa, A.; Kalsan, M.; Ahmad, S.; Shimaoka, M. Intestinal
Epithelium-Derived Luminally Released Extracellular Vesicles in Sepsis Exhibit the Ability to Suppress TNF-a and IL-17A
Expression in Mucosal Inflammation. Int. J. Mol. Sci. 2020, 21, 8445. [CrossRef]
209. Wu, S.C.; Yang, J.C.; Rau, C.S.; Chen, Y.C.; Lu, T.H.; Lin, M.W.; Tzeng, S.L.; Wu, Y.C.; Wu, C.J.; Hsieh, C.H. Profiling circulating
microRNA expression in experimental sepsis using cecal ligation and puncture. PLoS ONE 2013, 8, e77936. [CrossRef]
210. Real, J.M.; Ferreira, L.R.P.; Esteves, G.H.; Koyama, F.C.; Dias, M.V.S.; Bezerra-Neto, J.E.; Cunha-Neto, E.; Machado, F.R.;
Salomao, R.; Azevedo, L.C.P. Exosomes from patients with septic shock convey miRNAs related to inflammation and cell cycle
regulation: New signaling pathways in sepsis? Crit. Care 2018, 22, 68. [CrossRef] [PubMed]
211. Reithmair, M.; Buschmann, D.; Marte, M.; Kirchner, B.; Hagl, D.; Kaufmann, I.; Pfob, M.; Chouker, A.; Steinlein, O.K.; Pfaffl, M.W.;
et al. Cellular and extracellular miRNAs are blood-compartment-specific diagnostic targets in sepsis. J. Cell Mol. Med. 2017, 21,
2403–2411. [CrossRef] [PubMed]
212. Alkhateeb, T.; Bah, I.; Kumbhare, A.; Youssef, D.; Yao, Z.Q.; McCall, C.E.; Gazzar, M.E. Long Non-Coding RNA Hotairm1
Promotes S100A9 Support of MDSC Expansion during Sepsis. J. Clin. Cell Immunol. 2020, 11, 600. [PubMed]
213. Gambim, M.H.; do Carmo Ade, O.; Marti, L.; Veríssimo-Filho, S.; Lopes, L.R.; Janiszewski, M. Platelet-derived exosomes induce
endothelial cell apoptosis through peroxynitrite generation: Experimental evidence for a novel mechanism of septic vascular
dysfunction. Crit. Care 2007, 11, R107. [CrossRef]
214. Gao, K.; Jin, J.; Huang, C.; Li, J.; Luo, H.; Li, L.; Huang, Y.; Jiang, Y. Exosomes Derived From Septic Mouse Serum Modulate
Immune Responses via Exosome-Associated Cytokines. Front. Immunol. 2019, 10, 1560. [CrossRef]
215. Tran, T.P.; Tu, H.; Pipinos, I.I.; Muelleman, R.L.; Albadawi, H.; Li, Y.L. Tourniquet-induced acute ischemia-reperfusion injury in
mouse skeletal muscles: Involvement of superoxide. Eur. J. Pharmacol. 2011, 650, 328–334. [CrossRef]
216. Rushing, G.D.; Britt, L.D. Reperfusion injury after hemorrhage: A collective review. Ann. Surg. 2008, 247, 929–937. [CrossRef]
[PubMed]
217. Krausz, M.M. Initial resuscitation of hemorrhagic shock. World J. Emerg. Surg. 2006, 1, 14. [CrossRef] [PubMed]
218. Saini, H.K.; Xu, Y.J.; Zhang, M.; Liu, P.P.; Kirshenbaum, L.A.; Dhalla, N.S. Role of tumour necrosis factor-alpha and other cytokines
in ischemia-reperfusion-induced injury in the heart. Exp. Clin. Cardiol. 2005, 10, 213–222.
219. Soares, R.O.S.; Losada, D.M.; Jordani, M.C.; Évora, P.; Castro, E.S.O. Ischemia/Reperfusion Injury Revisited: An Overview of the
Latest Pharmacological Strategies. Int. J. Mol. Sci. 2019, 20, 5034. [CrossRef]
220. Kojima, M.; Gimenes-Junior, J.A.; Langness, S.; Morishita, K.; Lavoie-Gagne, O.; Eliceiri, B.; Costantini, T.W.; Coimbra, R.
Exosomes, not protein or lipids, in mesenteric lymph activate inflammation: Unlocking the mystery of post-shock multiple organ
failure. J. Trauma Acute Care Surg. 2017, 82, 42–50. [CrossRef]
221. Zhang, W.; Zhou, X.; Yao, Q.; Liu, Y.; Zhang, H.; Dong, Z. HIF-1-mediated production of exosomes during hypoxia is protective
in renal tubular cells. Am. J. Physiol. Renal. Physiol. 2017, 313, F906–F913. [CrossRef]
222. Yu, X.; Deng, L.; Wang, D.; Li, N.; Chen, X.; Cheng, X.; Yuan, J.; Gao, X.; Liao, M.; Wang, M.; et al. Mechanism of TNF-alpha
autocrine effects in hypoxic cardiomyocytes: Initiated by hypoxia inducible factor 1alpha, presented by exosomes. J. Mol. Cell
Cardiol. 2012, 53, 848–857. [CrossRef] [PubMed]
223. Berchem, G.; Noman, M.Z.; Bosseler, M.; Paggetti, J.; Baconnais, S.; Le Cam, E.; Nanbakhsh, A.; Moussay, E.; Mami-Chouaib, F.;
Janji, B.; et al. Hypoxic tumor-derived microvesicles negatively regulate NK cell function by a mechanism involving TGF-beta
and miR23a transfer. Oncoimmunology 2016, 5, e1062968. [CrossRef]
224. Hsu, Y.L.; Hung, J.Y.; Chang, W.A.; Lin, Y.S.; Pan, Y.C.; Tsai, P.H.; Wu, C.Y.; Kuo, P.L. Hypoxic lung cancer-secreted exosomal
miR-23a increased angiogenesis and vascular permeability by targeting prolyl hydroxylase and tight junction protein ZO-1.
Oncogene 2017, 36, 4929–4942. [CrossRef]
225. Peng, P.; Li, Z.; Liu, X. Reduced Expression of miR-23a Suppresses A20 in TLR-stimulated Macrophages. Inflammation 2015, 38,
1787–1793. [CrossRef] [PubMed]
226. Chuang, T.D.; Khorram, O. miR-200c regulates IL8 expression by targeting IKBKB: A potential mediator of inflammation in
leiomyoma pathogenesis. PLoS ONE 2014, 9, e95370. [CrossRef] [PubMed]

Biomolecules 2021, 11, 522

30 of 30

227. Zheng, Y.; Li, Y.; Liu, G.; Qi, X.; Cao, X. MicroRNA-24 inhibits the proliferation and migration of endothelial cells in patients
with atherosclerosis by targeting importin-alpha3 and regulating inflammatory responses. Exp. Ther. Med. 2018, 15, 338–344.
[CrossRef] [PubMed]
228. Liang, X.; Xu, Z.; Yuan, M.; Zhang, Y.; Zhao, B.; Wang, J.; Zhang, A.; Li, G. MicroRNA-16 suppresses the activation of inflammatory
macrophages in atherosclerosis by targeting PDCD4. Int. J. Mol. Med. 2016, 37, 967–975. [CrossRef]
229. Mica, L.; Furrer, E.; Keel, M.; Trentz, O. Predictive ability of the ISS, NISS, and APACHE II score for SIRS and sepsis in polytrauma
patients. Eur. J. Trauma Emerg. Surg. 2012, 38, 665–671. [CrossRef]
230. Marik, P.E.; Taeb, A.M. SIRS, qSOFA and new sepsis definition. J. Thorac. Dis. 2017, 9, 943–945. [CrossRef] [PubMed]
231. Angele, M.K.; Chaudry, I.H. Surgical trauma and immunosuppression: Pathophysiology and potential immunomodulatory
approaches. Langenbecks Arch. Surg. 2005, 390, 333–341. [CrossRef] [PubMed]
232. Gentile, L.F.; Cuenca, A.G.; Efron, P.A.; Ang, D.; Bihorac, A.; McKinley, B.A.; Moldawer, L.L.; Moore, F.A. Persistent inflammation
and immunosuppression: A common syndrome and new horizon for surgical intensive care. J. Trauma Acute Care Surg. 2012, 72,
1491–1501. [CrossRef]
233. Xu, P.; Wang, F.; Zhou, X.L.; Li, L.; Xiong, D.; Yong, Y.Q.; Zhao, Y.; Jiang, W.X. Systemic Inflammatory Response and Multiple
Organ Dysfunctions Following Crush Injury: A New Experimental Model in Rabbits. Inflammation 2018, 41, 240–248. [CrossRef]
234. Ware, L.B.; Matthay, M.A. The acute respiratory distress syndrome. N. Engl. J. Med. 2000, 342, 1334–1349. [CrossRef] [PubMed]
235. Kornblith, L.Z.; Robles, A.J.; Conroy, A.S.; Redick, B.J.; Howard, B.M.; Hendrickson, C.M.; Moore, S.; Nelson, M.F.; Moazed, F.;
Callcut, R.A.; et al. Predictors of postinjury acute respiratory distress syndrome: Lung injury persists in the era of hemostatic
resuscitation. J. Trauma Acute Care Surg. 2019, 87, 371–378. [CrossRef] [PubMed]
236. Meduri, G.U.; Annane, D.; Chrousos, G.P.; Marik, P.E.; Sinclair, S.E. Activation and regulation of systemic inflammation in ARDS:
Rationale for prolonged glucocorticoid therapy. Chest 2009, 136, 1631–1643. [CrossRef] [PubMed]
237. Genschmer, K.R.; Russell, D.W.; Lal, C.; Szul, T.; Bratcher, P.E.; Noerager, B.D.; Abdul Roda, M.; Xu, X.; Rezonzew, G.; Viera, L.; et al.
Activated PMN Exosomes: Pathogenic Entities Causing Matrix Destruction and Disease in the Lung. Cell 2019, 176, 113–126.e15.
[CrossRef]
238. Nedeva, C.; Menassa, J.; Puthalakath, H. Sepsis: Inflammation Is a Necessary Evil. Front. Cell Dev. Biol 2019, 7, 108. [CrossRef]
[PubMed]
239. Gotts, J.E.; Matthay, M.A. Sepsis: Pathophysiology and clinical management. BMJ 2016, 353, i1585. [CrossRef] [PubMed]
240. Okamoto, K.; Tamura, T.; Sawatsubashi, Y. Sepsis and disseminated intravascular coagulation. J. Intensive Care 2016, 4, 23.
[CrossRef]
241. Faix, J.D. Biomarkers of sepsis. Crit. Rev. Clin. Lab. Sci. 2013, 50, 23–36. [CrossRef]
242. Terrasini, N.; Lionetti, V. Exosomes in Critical Illness. Crit. Care Med. 2017, 45, 1054–1060. [CrossRef] [PubMed]
243. Park, E.J.; Appiah, M.G.; Myint, P.K.; Gaowa, A.; Kawamoto, E.; Shimaoka, M. Exosomes in Sepsis and Inflammatory Tissue
Injury. Curr. Pharm. Des. 2019, 25, 4486–4495. [CrossRef]
244. Fröhlich, M.; Lefering, R.; Probst, C.; Paffrath, T.; Schneider, M.M.; Maegele, M.; Sakka, S.G.; Bouillon, B.; Wafaisade, A.;
Committee on Emergency Medicine, I.C.; et al. Epidemiology and risk factors of multiple-organ failure after multiple trauma: An
analysis of 31,154 patients from the TraumaRegister DGU. J. Trauma Acute Care Surg. 2014, 76, 921–927. [CrossRef] [PubMed]
245. Ciesla, D.J.; Moore, E.E.; Johnson, J.L.; Sauaia, A.; Cothren, C.C.; Moore, J.B.; Burch, J.M. Multiple organ dysfunction during
resuscitation is not postinjury multiple organ failure. Arch. Surg. 2004, 139, 590–594. [CrossRef] [PubMed]
246. Im, Y.; Yoo, H.; Lee, J.Y.; Park, J.; Suh, G.Y.; Jeon, K. Association of plasma exosomes with severity of organ failure and mortality
in patients with sepsis. J. Cell Mol. Med. 2020, 24, 9439–9445. [CrossRef]
247. Murao, A.; Brenner, M.; Aziz, M.; Wang, P. Exosomes in Sepsis. Front. Immunol. 2020, 11, 2140. [CrossRef]
248. Gao, M.; Gao, W.; Papadimitriou, J.M.; Zhang, C.; Gao, J.; Zheng, M. Exosomes-the enigmatic regulators of bone homeostasis.
Bone Res. 2018, 6, 36. [CrossRef]
249. Furuta, T.; Miyaki, S.; Ishitobi, H.; Ogura, T.; Kato, Y.; Kamei, N.; Miyado, K.; Higashi, Y.; Ochi, M. Mesenchymal Stem
Cell-Derived Exosomes Promote Fracture Healing in a Mouse Model. Stem Cells Transl. Med. 2016, 5, 1620–1630. [CrossRef]
250. Zhou, R.; O’Hara, S.P.; Chen, X.M. MicroRNA regulation of innate immune responses in epithelial cells. Cell Mol. Immunol. 2011,
8, 371–379. [CrossRef]
251. Kaddoura, I.; Abu-Sittah, G.; Ibrahim, A.; Karamanoukian, R.; Papazian, N. Burn injury: Review of pathophysiology and
therapeutic modalities in major burns. Ann. Burns Fire Disasters 2017, 30, 95–102.
252. Williams, F.N.; Herndon, D.N.; Jeschke, M.G. The hypermetabolic response to burn injury and interventions to modify this
response. Clin. Plast Surg. 2009, 36, 583–596. [CrossRef] [PubMed]
253. Qin, D.; Yang, W.; Pan, Z.; Zhang, Y.; Li, X.; Lakshmanan, S. Differential proteomics analysis of serum exosomein burn patients.
Saudi J. Biol. Sci. 2020, 27, 2215–2220. [CrossRef] [PubMed]
254. Hu, P.; Yang, Q.; Wang, Q.; Shi, C.; Wang, D.; Armato, U.; Prà, I.D.; Chiarini, A. Mesenchymal stromal cells-exosomes: A promising
cell-free therapeutic tool for wound healing and cutaneous regeneration. Burns Trauma 2019, 7, 38. [CrossRef] [PubMed]
255. Li, X.; Liu, L.; Yang, J.; Yu, Y.; Chai, J.; Wang, L.; Ma, L.; Yin, H. Exosome Derived from Human Umbilical Cord Mesenchymal Stem
Cell Mediates MiR-181c Attenuating Burn-induced Excessive Inflammation. EBioMedicine 2016, 8, 72–82. [CrossRef] [PubMed]
256. Zhang, B.; Wang, M.; Gong, A.; Zhang, X.; Wu, X.; Zhu, Y.; Shi, H.; Wu, L.; Zhu, W.; Qian, H.; et al. HucMSC-Exosome
Mediated-Wnt4 Signaling Is Required for Cutaneous Wound Healing. Stem Cells 2015, 33, 2158–2168. [CrossRef] [PubMed]

